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1.0  INTRODUCTION 


The  use  of  analytical  computer  baaed  models  for  the  prediction  of  huaan 
response  to  mechanical  forces  for  both  safety  evaluation  of  various 
systems  and  tbe  design  of  new  systems  is  becoming  a  standard  practice. 
This  ia  particularly  true  in  the  area  of  automobile  crash  and  subsequent 
occupant  response  investigations  and  in  studies  of  crewmember  responses 
during  ejection  from  aircraft.  In  these  applications,  as  well  as 
others*  the  use  of  nodels  is  a  complementary  process  to  physical  system 
teating  and  provides  considerable  benefits  in  an  overall  program  seeking 
to  identify  and  quantify  potential  system  bsxsrds  and  subsequently 
provide  direction  for  system  improvement.  Specifically,  models  can  be 
beneficial  in  reducing  tbs  number  of  required  tests  and  thus  reducing 
program  cost;  tbey  provide  insight  into  various  physical  mechanisms  that 
may  be  occurring  but  which  may  not  ba  obvious  or  readily  obaarved  in 
actual  testing;  they  allow  for  a  convenient  means  of  investigating  the 
effects  of  parameter  changes;  they  can  be  used  in  taat  design  to  define 
the  optimum  configuration  and  conditions;  tbey  can  be  used  independently 
of  an  actual  test  to  investigate  tbe  general  feasibility  of  concepts; 
and  ultimately,  with  sufficient  validation  and  a  soundly  developed  d«re 
base*  they  may  be  used  directly  as  an  injury  assessment  tool.  While 
these  benefits  are  substantial  their  realisation  requires  not  only  a 
sound  analytic  methodology  but  also  an  appropriate  and  sound  data  base 
that  proparly  characterizes  tbe  system  being  modeled. 

Thia  program  has  sought  to  develop  such  a  date  base  for  the  Hybrid  III 
dummy.  The  Hybrid  111  dummy  is  extensively  used  in  automotive  crash 
testing,  is  generally  considered  to  ba  the  most  advanced  of  automotive 
tasting  dummies  currently  available  end  is  in  the  process  of  being 
adopted  by  the  National  Highway  Traffic  Safety  Administration  as  » 
standard  for  automotive  safety  compliance  teating.  While  the  ultimate 
objective  of  this  program  was  to  develop  a  data  base  for  the  Crash 
Victim  Simulator  (CVS)  aid  Articulated  Total  Body  (ATB)  computer  aodels 
by  reducing  the  data  to  the  exact  input  formats  required  for  these 
programs,  the  directly  measured  data  ie  also  presented  to  provide  an 
explanation  of  tbe  methodology  used  it;  measuring  the  dummy  properties 
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and  alto  to  provide  data  that  users  of  otter  models  could  reduce 
according  to  their  model  input  formatting  requirements* 

The  measurement  objectives  in  this  program*  though  not  necessarily  the 
methods,  are  the  sane  as  in  the  study  on  the  Part  572  dummy  conducted  by 
Heck*  et  si  [11*  The  Part  572  dummy  is  a  derivative  of  the  General 
Motors  Hybrid  II  dummy  which,  in  many  respects,  is  similar  to  the 
presently  investigated  Hybrid  XXI  dummy.  While  a  direct  comparison  of 
the  data  sets  is  not  made  in  this  report*  simulations  with  identical 
dynamic  exposure  conditions  were  performed  using  the  Part  572  and  Hybrid 
III  dummy  data  sets  and  the  results  are  reported. 

TWo  Hybrid  III  dummies  were  measured  in  this  atut /.  An  illustration  of 
the  two  types  of  manikins*  standing  and  seated,  is  shown  in  Figure  1. 

One  dummy  had  freely  articulating  hips,  is  commonly  referred  to  as  a 
pedestrian  testing  dummy,  and  in  this  study  is  denoted  as  the  standing 
dummy.  The  other  dummy  was  the  standard  Hybrid  III  with  a  pelvis 
section  molded  in  e  sitting  position.  This  dummy  is  denoted  as  the 
seated  dummy.  The  intent  of  this  programmes  tc  develop  one  standard 
data  set  for  the  Hybrid  III  and  in  effect,  this  was  done  with  the  seated 
dummy  data  base.  However,  the  pelvic  and  upper  leg  structure  of  the 
standing  dummy  was  subctantislly  different  ai>d  thus  a  different  data  set 
was  developed  for  this  portion  of  the  body.  The  result  was  that  all 
body  data  properties  for  the  two  dummies  and  their  left  and  right  sides 
were  averaged  to  produce  one  common  data  set  for  the  total  body,  except 
for  the  pelvis  (including  lumbar  spine)  and  uppet  legs.  TVo  data  sets 
were  prepared  for  the  pelvis  and  upper  legs  and  each  combined  with  the 
common,  averaged  data  set  to  form  the  seated  and  standing  Hybrid  Ill 
data  sets. 

This  report  describes  the  measurement  methodology,  the  results  of  the 
measurements,  the  data  reduction  methods,  the  asstmiptions  and  methods 
for  reformatting  to  the  CTS/Alh  model  format  and  s  demonstration 
simulation  comparing  the  Part  572  and  Hybrid  III  dummy  responses  under 
identical  conditions. 
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2.0  TECHNICAL  DISCUSSION 


2. 1  Physical  Measurem ent  of  Manikin  Properties 

In  this  section  the  various  physical  measurements  that  were  wade  on 
both  aanikii.s  are  presented  and  discussed.  In  general*  each 
subsection  presents  and  discusses  the  procedure  developed*  the 
equipment  used  and  includes  both  a  presentation  and  discussion  of  the 
results  obtained.  Each  pertinent  data  set.  i.e.  mass  properties, 
external  dimensions*  joint  characteristics,  etc.  has  been  separated 
into  the  various  subsections  for  clarity  and  for  easy  reference. 


2.1.1  Measurement  of  Manikin  External.  Dimensions 

2. 1.1.1  Description  of  Measurement  Procedure 

One  of  the  requirements  of  this  study  was  to  obtain  a  series 
of  external  measurements  on  the  Hybrid  111  following  tbe  measurement 
descriptions  presented  in  USG  2485.  "Hybrid  III  Exterior  Dimensions”. 
These  measurements  are  shown  in  Figures  2  and  3  and  tbe  dimensions  in 
Table  1.  The  cable  and  figures  were  prepared  by  General  Motors  and 
provided  to  DOT  (Backaitis,  Personal  Communication)  [2J.  The 
objective  of  these  tests  was  to  make  tbe  same  set  of  measurements  of 
tbe  standing  and  seated  Hybrid  III  manikins  being  investigated  in 
this  study.  Tbe  manikins  were  assembled  and  positioned  as  in  Figures 
2  and  3.  Each  one  was  seated  on  a  box  which  war  placed  against  a 
vertical  wall,  and  the  manikins  were  placed  upright  so  that  tbe  back 
of  tbe  pelvis  and  thorax  touched  tbe  wall.  The  instruments  used  to 
conduct  tbe  measurements  were  a  GPM  Gneupel  arthropometer  and  a 
Keuffel  4  Esser  steel  tape  eeasure.  Both  instruawnts  had  a  reeling 
resolution  of  one  millimeter. 
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The  curved  1 unbar  does  not  allow 
the  Hybrid  111  to  be  positioned 
in  a  perfect  erect  attitude. 
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TABLE  1 

HYBRID  ill  EXTERIOR  DIMENSIONS 


Diaenaiooal 

Syabol 

Description 

Aaaeably 
Dine ns ion 
(inches) 

A  (U) 

Sitting  Height  (Erect) 

3A.8+.2 

B 

Shoulder  Pivot  Height 

20.2+.3 

C 

■H"  Point  Height 

3.Aref+.l 

D 

*H"  Point  Location  f  roa  Back  Line 

5.Aref+. 1 

E 

Shoulder  Pivot  Location  froa  Back  Line 

3.5t.2 

F  (Q) 

Thigh  Clearance 

5.8+.3 

G 

Back  of  Elbow  to  Wrist  Pivot 

11.7+.3 

H 

Occiput  to  Z-Axia 

1.7+.1 

I  (I) 

Shoulder  -  Elbow  Length 

13. 3 +.3 

J  (J) 

Elbow  Reat  Height 

7.9+.A 

K  (P) 

Buttock-Knee  Length 

23. 3 +.5 

L  (L) 

Popliteal  Height 

17.A+.5 

M  (H) 

Knee  Pivot  Height 

19.4+.3 

N  (N) 

Buttock-Popliteal  Length 

18. 3 +.5 

Cheat  Depth 

8.74.3 

foot  Length 

10.24.3 

Shoulder  Breadth 

16. 9*.  3 

W  (W) 

Foot  Breadth 

3.94.3 

Y  (Y) 

Cheat  Circuaferenc*  (with  cheat 
jacket) 

38. 84.6 

Z  (Z) 

Waiat  Circuaferenc* 

33.5+. 6 

AA 

Location  for  Heaauraaent  of  Chaat 
Circuaferenc* 

17.0+.1 

BB 

Location  for  Neaaurcaent  of  Waist 
Circuaferenc* 

9.04.1 

(  )  SAE  J963  Meaaureaent 

Not*:  The  *11"  point  is  Iocs tea  1.83  inches  forward  and  2.57  inchaa  down  froea 
tb*  center  of  the  pelvis  angle  reference  bole. 


2.1  1.2  Discussion  of  Somite 

The  results  of  the  measurements  made  on  both  manikins  ore 
presentee',  end  coe pared  vith  those  listed  in  U9C-  2465  in  Table  2. 
During  toe  conduct  of  the  measurements,  a  fee  problens  were 
encountered.  One  of  which  was  the  inability  to  locate  the  "H"  point 
as  per  the  instructions  presented  in  U96  2485.  The  *H"  point,  as 
described  in  USG  2485,  is  "located  1.83  inches  forward  and  2.5/ 
inches  down  free  the  center  of  the  pelvic  reference  hols. "  Tbeie  are 
three  boles  on  each  side  of  the  seat'i  pelvis  and  none  on  the 
standing  pelvis.  It  was,  therefore,  unclear  which  was  the  pelvic 
reference  bole.  Proceeding  from  each  bole  as  desciibed  in  U9G  2485, 
did  not  result  in  the  location  of  any  structural  foature,  such  as  the 
hip  pivot,  which  night  be  interpreted  as  the  *H"  point.  Therefore, 
no  measurements  using  the  "H"  point  were  obtained. 

A  second  problen  wss  that  the  bead  did  not  touch  the  wall  when  each 
aanikin  was  positioned  in  its  upright,  seated  position.  The 
neck /thorax  attachaent  fixture  of  the  Hybrid  III  neck  permits  the 
angle  of  the  neck,  relative  to  the  thorax,  to  be  varied.  For  the 
subject  tests,  the  neck  was  set  at  0  degrees.  This  is  as  specified 
by  General  Motors  in  the  inspection  and  check  out  procedure  [3].  The 
reported  value  for  sitting  height  is  the  maximum  that  could  be 
obtained  by  pushing  the  besd  back  (which  is  the  case  in  measuring 
this  dimension  on  human  subjects).  Measuring  sitting  height  with  the 
manikin  head  in  its  usual  position  results  in  s  value  of  0.3  inches 
less  than  that  listed  in  USC  2485. 

Other  discrepancies  between  tbs  dimensions  listed  in  USE  2485  end  the 
current  measurements  are  in  the  chest  depth  and  the  locations  (height 
abov«  the  seat  pan)  for  measurement  of  the  chest  end  waist 
circumferences.  From  the  drawings  describing  these  dimensions,  chest 
depth  was  interpreted  as  the  maximum  depth  measured  on  the  two 
manikins.  No  ready  explanation  can  be  offered  for  the  differences  in 
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TABLE  2 


EXTERNAL  DIMENSIONS 


Hybrid  111  Exterior  Dimensions  (inches)  ss  Listed 

in  Table  2. 

1. 

USG  2485 

DIMENSION 

DESCRIPTION 

ASSEMBLY 

HYBRID 

Ill 

SYMBOL 

DIMENSIONS 

STANDING 

SEATED 

A 

Sitting  Height  (erect) 

34.8+.  2 

33.9 

34.6 

B 

Shoulder  Pivot  Height 

20.2+.3 

20.4 

19.9 

C 

"H*  Point  Height 

3.4ref +.1 

— 

— 

D 

*H"  Point  Location  f row 

Back  Line 

5.4ref+.l 

— 

E 

Shoulder  Pivot  Location 
from  Back  Line 

3.S+.2 

3.7 

4.4 

F 

Thigh  Clearance 

5.8+.3 

6.0 

5.9 

G 

Back  of  Elbow  to  Wrist  Pivot 

11.7+.1 

11.6 

11.5 

H 

Occiput  to  Z-Axis 

1.7+.1 

2.4 

4.3 

I 

Shoulder- Elbow  Length 

13.37.3 

13.4 

13.6 

J 

Elbow  Rest  Height 

7.9+.4 

7.6 

7.4 

K 

Buttock-Knee  Length 

23.3+. 5 

23.4 

23.3 

L 

Popliteal  Height 

17.4+.5 

18.0 

17.9 

M 

Knee  Pivot  Height 

19.47.3 

19.3 

19.1 

N 

Buttoca-Popliteal  Length 

18.37.5 

18.7 

18.9 

0 

Chest  Depth 

8.77.3 

10.6 

10.5 

P 

Foot  Length 

10.2+.3 

10.1 

10.2 

V 

Shoulder  Breadth 

16.97.3 

16.7 

16.8 

w 

Foot  Breadth 

3.9+.3 

3.7 

3.8 

Y 

Chest  Circuaference  (with 
chest  jacket. 

3fc.8+.6 

38.8 

37.6 

Z 

Waist  Circumference 

33.5+. 6 

33.5 

33.7 

AA 

Location  for  Measurement  of 
Chest  Circumference 

17.0+.1 

16.5 

16.1 

BB 

Location  for  Measurement  of 
Waist  Circumference 

9.0+.1 

10.4 

10.0 

Not*  -  The  "H"  point  in  described  as  being  located  1.83  inebee  forward  and 
2.57  inches  down  f row  the  center  of  tbe  pelvic  angle  reference  hole. 


dimension  values.  The  locations  for  cheat  and  waist  circumferences 
were  interpreted  froa  the  USG  2485  drawings  as  being  just  below  the 
breast  and  at  the  lower  edge  of  the  thorax  jacket,  respectively. 


2.1.2  Measurement  of  Manikin  Segment  Geometry  and 
Axis  System  Descriptions 

The  geometry  of  each  segment  is  specified  with  respect  to  a  coordinate 
system  embedded  in  the  segment.  This  was  done  by  measuring  the 
three-dimensional  coordinates  of  a  number  of  landmark  points  on  the 
segment  in  a  laboratory  reference  system,  using  prescribed  combinations 
of  these  points  to  establish  a  segment  coordinate  system  and  then 
transforming  all  the  landmark  coordinate  points  from  the  lsboratory 
system  to  the  local  segment  coordinate  system.  The  following  sections 
describe  this  process  in  detail. 

2. 1.2.1  Description  of  basic  Measurement  Techniques 

The  dummy  segment  geometrical  measurements  were  performed  while  the 
segment  was  mounted  in  a  segment  reference  box  which  was  used  in  the 
inertial  property  measurement  tests.  Three  dimensional  points  were 
measured  on  the  segment  and  on  the  box  using  a  jointed, 
electromechanical  device  with  axis-mounted  potentiometers  called  a 
Perceptor,  manufactured  by  Micro  Control  Systems,  Inc.  The  measuring 
system,  with  an  arm  segment  in  a  box.  is  shown  in  Figure  4.  The 
Perceptor  wes  interfaced  through  a  control  terminal  to  a  Perkin- Elmer 
3240  minicomputer,  where  recorded  points  were  stored  for  analysis. 
Interactive  FORTRAN  programs  were  written  to  control  the  recording, 
labelling,  end  analysis  of  points. 

Recording  began  with  the  manikin  segment  immobilized  in  the  three-sided 
test  box  used  in  mass  properties  testing.  Points  were  recorded  by  first 
entering  a  label  through  the  console,  then  positioning  the  end  of  the 
Perceptor  stylus  at  the  apptopriate  location  and  triggering  the 
recording  with  a  foot  pedal.  Some  points  on  the  segment  could  not  be 
reached  because  of  box  obstruction.  To  remedy  this  problem,  the  segment 
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vat.  moved  f rom  tbe  box  after  recording  at  least  three  non-colinear 
reference  points  on  both  tbe  box  and  segment*  then  repeating  the 
recording  of  segment  reference  point:;  aJ  ong  with  the  other  desired 
points.  This  procedure  peraitted  the  calculation  of  transformation 
matrices  which  defined  tbe  three-dimensional  displaceaents  of  the 
different  seta  of  pointa  into  a  common  axis  system. 

2. 1.2. 2  Definition  and  Location  of  Landmarks  and  Axis  Systems 

In  order  to  coapare  the  data  measured  for  the  Hybrid  III  with  three 
dimensional  human  data,  a  series  of  landmarks  were  recorded  which  were 
analogous  to  tbe  anthropometric  landmarks  used  to  define  tbe  axes  on 
stereophotogrammetrically  recorded  data  of  adult  men  and  women  [A]  & 

[5].  Points  for  defining  joint  and  joint  axes  locations  were  also 
recorded  end  were  used  as  the  basis  for  defining  local  aechanical 
coordinate  systeas  which  were  directly  related  to  the  mechanical 
structure  of  the  manikin.  Tbe  criteria  for  locating  "anatomical” 
landmarks  on  the  manikin  were  their  spatial  relationship  with  relevant 
structural  features  (i.e. .  joints),  the  similarity  of  the  manikin 
external  geometry  to  humans,  and  the  desirability  of  having  axes  defined 
by  landmarks  on  the  segment  itself.  This  procedure  was  hindered  by 
structural  and  geoaetric  features  which  were  dissimilar  to  humans  or  not 
present,  and  by  the  fact  that  a  landmark  may  not.  even  in  humans,  be 
located  on  the  relevant  segment.  For  examfle,  the  upper  arm  anatomical 
axes  are  defined  by  three  anatomical  landmarks  which  would  not  be 
considered  to  be  present  on  the  Kybtid  III  upper  era  (see  Table  9,  Right 
Upper  Arm).  Acromiale,  the  lateral- most  point  on  the  acromion  process 
of  the  shoulder  (part  of  the  Hybrid  111  torso),  was  located  for  the 
upper  arm  •%  the  superior  edge  of  the  lateral  side  of  the  soft  covering. 
The  lateral  and  medial  humeral  epicondylex  in  humans  are  located  oi  the 
upper  arm,  but  also  define  the  elbow  axis.  In  the  Hybrid  III,  the 
surface  covering  tbe  elbow  is  pat  t  of  the-  forearm  (see  Table  li.  Right 
Forearm).  Thus,  for  the  purpose  of  definiig  the  upper  arm  axes,  the 
epicondyles  on  the  upper  arc  were  located  at  the  medial  and  lateral 
inferior  edges  of  the  soft  covering.  While  none  of  the  three 
axis-defining  landmarks  for  this  segment  are  in  the  ideal  locations,  the 


planes  ere  analogous  to  the  huear.  system  and  permit  a  reasonable 
comparison  between  human  and  nanikin  properties. 


Section  2.1.6  presents  the  definitions  of  each  of  the  landmarks  used  to 
define  axes  for  each  of  the  Hybrid  111  axis  systems.  Most  lundmarke 
were  located  at  positions  that  were  reasonable  analogues  of  those  of 
humans,  or,  as  in  the  upper  arm,  in  positions  which  would  define 
anatomical  axes  as  similar  as  possible  to  those  defined  for  humans  in 
the  stereophotometric  studies. 

The  anatomical  axes  are  generally  defined  by  two  vectors,  a  and  b, 
formed  by  three  non-linear  landmarks  on  the  segment  surface.  The 
vectors  a  and  I>  define  a  plane,  with  a  X  b  -  c  defining  a  vector  normal 
to  the  plane  which  is  orthogonal  to  both  a  and  b.  The  directions  o.  t 
and  TT  are  chosen  so  that  the  directions  of  tbs  axes  follow  the  general 
convention  of  x  forward,  y  to  the  left,  and  s  upward.  In  order  to 
assure  the  proper  orientation  of  these  axes  and  the  desired  location  of 
the  origin,  sometimes  more  than  three  points  are  used  to  specify  the 
axis  vectors  and  origin.  The  individual  axis  systems  are  defined, 
segment  by  segment,  in  section  2.1.6. 

2. 1.2. 3  Transformation  of  Data  Between  Axis  Systems 

Three-dimensional  coordinates  of  points  are  initially  measured  on  the 
segments  and  the  box  by  the  Percept  or  and  recorded  in  a  laboratory 
reference  system  designated  by  R.  Three  points  on  the  box  are  used  to 
define  a  coordinate  system  designated  by  B,  and  ell  the  points  are 
transformed  to  this  box  coordinate  system.  This  system  is  used  in  the 
measurement  and  calculation  process  of  segaent  inertial  properties. 

From  the  points  measured  on  the  segments  and  the  inertial  property 
meaaurements,  three  •c-gment  based  coordinate  systems  ere  calculated.  An 
anatomical  system  designated  by  A  and  defined  by  equivalent  anatomical 
surface  landmarks;  a  local  mechanical  reference  system  designated  by  L 
and  defined  by  segment  mechanical  features,  for  example  joint  centers 
and  rotation  axes;  and  a  principal  axes  system  designated  by  P  and 
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obtained  by  segment  inertia  tensor  diagonal ization  ere  established  and 
transformations  between  then  calculated. 

These  transforaations  are  in  the  fora  of  3X3  cosine  matrices,  and  their 
operation  on  vectors  is  given  by 

*A  *  AAP?P 

a  = 

?p  *  apiA 

where  rg,  r^,  rp  are  the  seat  vectors  but  with  components  in  the 
anatoaical,  local  and  principal  coordinate  systeas  respectively. 

The  cosine  matrices,  (Aj ,  «re  orthogonal  and  have  tb*  convenient 
property  it  two  are  know  the  third  can  be  calculated  by  the  matrix 
product 
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It  was  decided  to  present  the  results  of  the  testing  of  the  two  Hybrid 
III  aanikins  in  the  fora  of  s  aesn  representative  data  set.  ha 
described  below,  the  aethod  for  arriving  at  the  representative  geoaetry 
is  in  part  an  averaging  of  the  two  aanikins,  and  in  part  an  effort  to 
account  for  the  syaactry  designed  into  the  aanikins.  Each  of  the  limb 
segments,  four  data  sets,  right  and  left  froa  both  aanikins,  were 
combined  (exceptions  were  tb#  upper  leg,  pelvis,  a:  1  spine  which 
differed  in  the  aanikins  and  were  treated  separately).  For  the  axial 
segments  -  bead,  neck,  thorax,  and  pelvis  ~  mirrored  data  sets  were 
created  so  that  a  symmetrical  representation  would  result. 

The  ■,  component  of  the  vector  from  the  local  reference  origin  (center  of 
mass)  to  a  joint  center  was  reflected  froa  the  right  side  to  the  left 
side  by  changing  the  signs.  The  mirror  images  of  axial  segments  (head, 
neck,  thorax,  and  pelvis)  were  created  by  averaging  the  values  of  right 
and  left  side  landmarks. 


The  Man  value  of  tba  05  vector  wee  calculated  for  each  body  itywnt. 
This  vector  was  noted  to  have  a  randoa  lateral  variation  about  the 
segment  long  axis,  so  an  adjustMnt  for  consistency  was  aade  by  setting 
the  T  coordinate  value  to  0.0. 

The  results  are  presented  for  each  segaent  in  section  2.1.6  where  the 
representative  values  of  the  landaark  coordinates  in  local  reference  and 
anatoaical  axes  are  presented  along  with  the  matrix  (Ag^)  for 
transforming  points  froa  local  to  anatomical  systeas. 

2.1.3  Measurement  and  Determination  of  the  Mass  Properties  of 
'.he  Manikin  Segments 

2. 1.3.1  Discussion  of  Measurement  Techniques  and  Equipment 
Utilised 

2. 1.3. 1.1  Segaent  Mass 

The  equipment  used  to  aeaeure  the  mass  of  the  manikin  segments  wet  an 
electronic  weighing  scale  and  a  segaent  bolder,  a  three  sided 
rectangular  balsa  wood  box.  The  mass  properties  of  the  balsa  boxes  were 
seas i  red  beforehand  and  storM  in  data  files  on  a  supporting  Hewlett 
Packard  83-B  microcomputer.  The  segaent  was  extracted  froa  adjoining 
segaents  and  tested  with  the  joint  hardware  as  listed  in  Table  3.  The 
segaent  was  weighed  in  the  box  and  the  box  weight  was  subtracted  to 
obtain  the  segaent  weight.  These  boxes  provided  a  means  to  easily  and 
securely  house  the  manikin  segment  in  a  fixed  position  while  its  masr 
properties  were  being  determined.  A  representative  box  is  shown  in 
Pigure  5.  A  velcro  strap  vac  used,  along  with  masking  tape  when 
necessary,  to  rigidly  fasten  the  segment  within  the  box  so  that  no 
relative  motion  was  possible. 
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78051-285 

78051-96 


figure  3 


ltiu  ScgKnt  Holding  Boat 


These  boxes  were  siailar,  el  though  not  identical  to  those  used  by 
Lephart  (6j  in  bis  studies.  The  boxes  were  carefully  constructed  of 
■ultiple  layers  of  laainated,  ligbt-weigbt.  cross-grained  balsa  wood, 
with  particular  attention  being  paio  to  the  three  outer  edges  so  ..hat 
they  were  orthogonal.  These  actually  perpendicular  edges  defined  a  box 
axis  systea.  the  origin  of  which  was  at  the  point  where  the  three  outer 
box  edges  intersected,  and  with  respect  to  which  the  subsequent  imrtial 
property  aeasursaents  were  aade. 

2.,  3.1.2  Segment  Center  of  Gravity  Location 

The  test  equipaent  used  to  locate  the  aanikin  segments'  center  of 
gravity  (eg)  positions  included  an  electronic  weighing  scale,  an 
aluainua  knife-edge,  an  adjustable  stand,  and  the  Perceptor,  an 
electronic  position  coordinate  digitizer.  The  knife-edge/electronic 
scale  assaably  configured  for  aeasureaent  is  shown  in  Figure  6.  The 
aethodology  eaployed  to  locate  the  eg  is  very  straightforward  being 
based  on  a  balance  of  aoaents  about  one  edge  of  the  plate. 


i  7 


Figure  6.  Test  Equipment  Used  For  Determining  Segment  Center 

of  Gravity 

The  knife-edge-plate  was  carefully  constructed  such  that  the  two  knife 
blades  were  parallel  and  the  right  knife  blade  and  tbe  chock,  on  the 
upper  surface  of  the  plate,  were  longitudinally  coincident.  As  shown  in 
Figure  6.  this  plate  was  aounted  horizontally  onto  the  adjustable  stand 
and  scale  surface.  After  tbe  plate  was  positioned  level  on  tbe  scale 
and  stand,  the  scale  was  tared  to  sero  prior  to  a  neasursnent.  Figure  7 
shows  the  coaponents  configured  for  neasuring  tbe  'X'  component  of  the 
eg  location  of  the  foream  cement.  The  "loaded"  box  was  placed  on  the 
plate  so  that  one  of  the  box  edges  was  positioned  firuly  against  the 
chock.  The  restoring  nonent  due  to  tbe  scale  reaction  force  was 
calculated  f ran  tbe  scale  reading,  aeasured  in  this  position,  and  tbe 
known  blade  separation  distance.  Tbe  restoring  nonent  is  siaply  the 
scale  reading  aultiplied  by  its  nonant  arm,  tbe  blade  separation 
distance.  Tbe  eg  position  of  the  box  ♦  segment  with  respect  to  tbe  box 
edge  in  contact  with  the  chock  can  ther.  be  calculated,  using  tbe  weight 
of  tbe  box  ♦  segment,  by  a  balance  of  aoments  as  shown  at  tbe  botton  of 
Figure  7.  Performing  three  such  measureannts,  each  with  a  different  box 
axis  perpendicular  to  the  chock,  established  the  three  dimensional 
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Figure  7.  Test  Setup  and  Procedure  for  Determining  Segment  Center  of  Gravil 
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location  o f  tbt  box  ♦  i>p«wt  eg  with  respect  to  the  bee  origin.  Since 
es  identical  proce4ere  had  already  been  perfei— d  om  tbe  bee  alone,  tbe 


of  gravity  location  was 


calculated  by  subtraction  of  the 


To  preserve  tbe  identity  of  tbe  np«nt  center  of  gravity  position  when 
tbe  wptvt  was  removed  fron  tbe  box  required  tbe  identification  of  teat 
object  landmark  g» metric  iaterrelationsbipa  with  respect  to  the  box 
axis  spates.  Landmarks  for  each  segno nt  were  chosen  that  bad  either 
"anatomical"  or  tecbanical"  significance.  That  is,  these  landnaxka 
helped  define  segnant  baaed  ana toxical  or  local  nechanical  axis  systens 
as  described  in  section  2.1.2.  Identifying  the  coordinates  of  at  least 
three  non-call inesr  segnent  lsndesrks,  while  tbe  segxent  was  still 
boosed  within  the  box,  provided  not  only  locations  fron  which  to 
reference  tbe  eg  position,  but  also  sufficient  geonetric  information  to 
calculate  transformation  net rices  that  were  later  used  to  nanipulate  tbe 
segment's  inertial  property  data.  Shown  in  Figure  8,  along  with  tbe 
forests  segment,  is  the  Micro  Control  System's  Perceptor.  a 
potentiometer  based  three-dimensional  position  coordinate  recorder, 
which  was  used  to  digitise  tbe  segment  landnarks. 

2. 1.3. 1.3  Segment  Inertia 

Tbe  equipment  used  to  neasure  tbe  segment's  inertia  tensor  consisted  of 
a  Space  Electronics  Inc.  Mass  Properties  Instrument  (MPI).  s  compressed 
air  or  nitrogen  source,  a  gas  dryer/filter,  a  Hewlett  Packard  HP  85-B 
nicroconputer.  and  a  balsa  wood  jig.  Tbe  controlling  hardware  of  the 
MPI,  the  gas  dryer/filter,  and  the  HP  85-1  are  shown  in  Figure  9.  and 
the  structure  bousing  tbe  torsional  pendulta  itself  is  shown  in  Figure 
10. 


20 


□ 


aces 


O  0  0009 


S.E.  MASS  PROPERTIES 


Figure  9.  Gu  Dryer  end  HP  I  Instrumentation 

The  Bain  coaponent  of  the  MPI  is  an  inverted  torsional  pendulua.  This 
pendulum  is  coupled  to  a  platter  and  grid  plate  assembly  that  rides  on  a 
spherical  gas  bearing  perfused  with  either  clean,  dry  compressed  air  or 
nitrogen.  In  essence  the  MPI  is  a  precision  tiaing  instruaent.  The 
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■o—i t  o £  inertia  of  a  saoikin  iipwt  is  calculated  froa  the  tine 
period  of  the  peadaloa's  torsional  oscillations.  The  HFI  produces  an 
initial,  repos table  torsional  pertaxhatioa  and.  subsequently  through  a 
photocell  device,  aoassres  the  resulting  period  of  the  pendulua's 
torsional  oscillations.  The  HFI  is  aost  accurate  when  the  eg  of  the 
segaent  and/or  boa  being  tested  is  placed  directly  on  the  axis  of  the 
torsional  pendulum.  Software  on  the  HP  85-1  provided  the  coordinates 
where  the  boa  was  to  be  aounted  on  the  grid  plate,  such  that  the  eg  of 
the  test  object  was  placed  within  0.35  inches  of  the  penduliai  axis.  The 
boa  was  fimly  secured  to  the  grid  plate  via  double  sided  tape  and 
■asking  tape  "anchors”  when  necessary.  Figure  11  illustrates  the 
foream  aounted  on  the  grid  plate  for  e  noaent  of  inertia  neasursaent. 


Figure  10.  Inertial  Measurement  Equipment 

Six  quantities  oust  be  aessurca  to  conpletely  identify  the  inertia 
tensor  of  tbs  aanikin  segaent.  The  aonents  of  inertia  were  aeasured 
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Figure  12.  Forearm  Mounted  in  Jig  on  MPI  Platform  to  Determine 
Moment  ot  Inertia  about  an  Oblique  Angle 


•boot  each  of  tbo  three  boo  axes,  in  torn.  Boosted  perpendicular  to  the 
surface  of  the  grid  plate,  as  in  figure  11  and  about  three  oblique 
angles  as  shown,  for  example.  in  Figure  12.  Mote  that  the  composite  boot 
♦  segaent  +  jig  eg  is  positioned  over  the  penduluu  axis*  The  following 
expression  was  used  to  detetnine  the  products  of  inertia.  Pxy,  with  A 
being  the  angle  of  inclination  of  the  z  and  y  axes  f roe  the  grid  plate: 

pgy  s  Tct  ♦  iy*  *  Tan^A  -  (1  »  Tan^A)  ♦  Izt  . 

2  *  Tan  A 

Simplification  of  the  netbod  involved  incorporating  a  jig  which  held  the 
segments  at  45  degrees  to  the  grid  plate  yielding  the  following  equation 
that  was  ultimately  used  to  compute  the  products  of  inertia: 

Pxy  *  Ixx  ♦  lyy  -  2  *  Izv 
2 

For  a  detailed  theoretical  development  of  these  nathematical  expressions 
the  reader  is  directed  to  Chandler,  et.  al.  [7]. 

la  order  to  isolate  the  inertial  properties  of  the  nanikin  segments 
•lone,  the  inertial  contributions  of  the  box  and  jig  had  to  be  accounted 
for  in  the  procedure.  Identical  moment  of  inertia  neasurenents  were 
performed  on  the  boxes  used  with  the  segments.  The  box  properties, 
defined  with  respect  to  their  centers  of  gravity,  were  stored  in  data 
files  on  the  HP  85-8.  Oats  processing  software  used  the 
parallel-axis-theoram  (FAT)  to  subtract  out  the  box  properties.  The  PAT 
is  stated  as  follows: 

lA  *  K)  ♦  M  *  dA02  • 

where  1^  is  the  aoment  of  inertia  about  an  arbitrary  axis  "A",  Iq  is  the 
aoment  of  inertia  about  the  axis  ”0"  through  center  of  aass,  M  is  the 
mass  of  the  object,  and  Ogo^is  the  squared  distance  between  the  two 
parallel  axes  "A”  and  "0".  The  exact  placeewnt  of  the  box  origin  on  the 
grid  plate  is  recorded  for  each  step  in  the  seasureaent  process.  Since 
the  net  eg  location  of  the  box  and  the  segaent  are  known  with  respect  to 
the  box  origin,  this  origin  was  placed  on  tbe  table  pletfons  so  as  to 
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ali«n  tba  net  boat  and  segnent  eg  with  the  pendulun  axle.  Tbua  tba  PAT 
was  anployed  aa  follows  in  a  three  *tep  sequence : 

1)  I*?  =  IfO  4  *%I)P02 
Where 

Igp  -  nonent  of  the  boa  about  tbe  pendulun  axis 
IftO  »  Meant  of  tbe  bos  about  an  axia  parallel  to  tbe 
pendulun  axis  but  centered  at  tbe  box  eg 
1%  a  aaaa  of  tbe  box 

DpO2  *  squared  distance  fron  tbe  pendulun  axis  to  tbe 
box  eg 

2)  lSf  «  I(s+B)P  "  JBP 
Where 

Igp  «  nonent  of  tbe  segnent  (alone)  about  tbe  pendulta 
axis 

1(S>B)P  *  nonent  (as  aeasured)  of  tbe  segnent  ♦  box  about 
tbe  pendulun  axis 
Igp  a  above 

3)  lgQ  »  Igp  -  MgD0p2 

Where 

IgO  *  eonent  of  segnent  about  its  eg 
Igp  &  as  above 
Mg  *  a ass  of  segnent 

Dop^  «  tbe  squared  distance  fron  the  pendulun  axis  to 
tbe  segnent  eg 

Step  1)  above  provides  tbe  nonent  of  inertia  of  tbe  enpty  box  defined  st 
tbe  exact  position  that  it  use  placed  on  the  grid  plate  during  tbe  box 
plus  segnent  nessurenent.  Step  2),  in  turn,  subtracts  tbe  box 
contribution  fron  the  conposite  box  plus  segnent  nonent  of  inertia  that 
was  actually  aeasured  in  the  test,  yielding  tbe  nonent  of  inertia  of  the 


upent  alone  about  the  pendulum  axis.  Stop  3)  provides  the  sonant  of 
inertia  of  the  segment  alone  about  an  axis  which  passes  through  its  own 
eg,  i.a.  an  pliant  of  its  inertia  tensor.  Tha  sonants  of  inertia  used 
to  calculate  the  products  of  inertia  are  tranafoxned  in  an  identical 
fashion.  Note  the  jig  contribution  is  accounted  for  implicitly  since  it 
was  considered  as  part  of  the  box  properties* 

After  the  six  unique  eleaents  of  the  sequent  inertia  tensor  were 
identified,  this  inertia  tensor  was  diagonalized  using  softvaxe  on  the 
HP  85-B.  The  diagonal is at ion  produced  three  principal  moments  of 
inertia  and  a  3X3  netrix  of  direction  cosines  which  defined  the 
orientation  of  the  three  principal  directions.  Since  the  segnents  were 
neasured  in  a  box,  the  principal  directions  were  oriented  with  respect 
to  the  specific  box  axis  system.  Purther  transformations,  as  described 
in  section  2. 1.2.3,  redefined  the  principal  directions  with  respect  to 
either  anatonical  or  local  mechanical  axes. 

The  moments  of  inertia  and  the  principal  axes  directions  with  respect  to 
the  local  secant  axes  for  each  of  the  manikin  segnents  are  presented  in 
the  data  tables  of  Section  2.1.6. 

2. 1.3. 2  Accuracy  of  Measurement  Techniques 

Geometric  test  objects,  whose  inertial  properties  could  be  precisely 
analytically  calculated,  were  used  to  evaluate  the  accuracy  of  the  mass 
properties  procedure.  Geometric  weights,  in  the  range  of  0.15  lbs  to 
19.6  lbs,  were  used  to  determine  the  percent  error  versus  magnitude  of 
moment  of  inertia  and  the  error  associated  with  locating  the  center  of 
gravity.  In  addition,  the  measured  orientations  of  the  principal  axes 
were  compared  to  the  known  orientations  to  determine  the  accuracy  of 
thia  procedure. 

The  resulting  percent  error  of  the  neasured  aoment  of  inertia  was  found 
to  increase  with  decreasing  aagnitudes  of  moment  or,  the  smaller  the 
moment,  the  larger  the  error.  The  maximum  percent  error  for  the 
smallest  aoment  found  with  parts  representing  components  of  the  Hybrid 
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III  manikin  «u  1ms  than  3Z.  Given  an  average  moment  of  100  to  150 
lb-in^for  the  segments.  the  associated  error  is  about  0.5%.  The  maximum 
principal  axis  direction  orientation  error  vas  deters ined  to  be  +6 
degrees  and  the  aaxiaun  percent  error  of  locating  the  center  of  gravity 
vas  +0.3  cs  in  each  of  the  coordinate  directions. 

2. 1.3. 3  PrMentation  and  Discussion  of  Results 

The  segment  weights*  eg  locations  and  principal  nosen ts  for  the  seated 
and  standing  manikins  are  presented  in  Tables  4,  5  and  6*  respectively. 
Values  for  right  and  left  limbs  are  averaged  individually  for  the  seated 
and  standing  manikin.  Values  for  each  segment  for  both  manikins  were 
averaged  and  are  presented  in  the  far  right  columns  in  all  three  tables. 
Note  that  tor  several  manikin  segments,  properties  are  unique  because  of 
the  different  designs  for  the  seated  versus  standing  manikins.  For 
these  segaents  (the  pelvis,  lumbar  spine  and  upper  legs)  the  properties 
were  not  averaged.  The  eg  locations  are  given  in  Table  5  with  respect 
to  the  anatomical  coordinate  system  which  is  defined  for  each  segment  in 
Section  2.1.6. 
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TABLE  A 


SEGMENT  WEIGHTS 


Segment, 

Manikin 

Manikin  Wt.  (lbs) 

Awe.  Wt.  (lbs) 

Head 

Seated 

9.92 

9.92 

Standing 

9.92 

Neck 

Seated 

2.67 

2.67 

Standing 

2.67 

Thorax 

Seated 

38.85 

39.22 

Standing 

39.58 

Pelvis 

8eated 

49.35 

49.35 

(v/spina) 

Standing 

24.57 

24.57 

Pelvis 

Seated 

44.46 

44.46 

(w/o  spine) 

Standing 

21.91 

21.91 

Lusbar 

Seated* 

4.89 

4.89 

Spine 

Standing* 

2.66 

2.66 

Upper 

Seated 

13.71 

13.71 

Leg 

Standing 

19.96 

19.98 

Lover 

Seated 

7.27 

7.24 

Leg 

Standing 

7.21 

Foot 

Seated 

2.76 

2.76 

Standing 

2.76 

Upper 

Seated 

4.59 

4.60 

An* 

Standing 

4.61 

Fores m 

Seated 

3. 89 

3.80 

Standing 

3.70 

hand 

Seated 

1.29 

1.29 

Standing 

1.29 

*  1  lb  subtracted 

due  to  steel 

plate  attachment. 

TABLE  5 


SEGMENT  CENTER  OF  GRAVITY  LOCATIONS  IN  THE  ANATOMICAL  COORDINATE  SYSTEM 

Average  OG 


Seaaent 

Manikin 

OG  Coordinates  (in) 

Head 

Seated 

1: 

-0.12 

Y: 

0.00 

Z: 

0.67 

-0.12 

0.00 

Standing 

X: 

-0.12 

0.67 

Yi 

0.00 

Z: 

0.67 

Neck 

Seated 

X: 

3.74 

Y: 

0.00 

Z: 

3.03 

3.74 

0.00 

Standing 

X: 

3.74 

3.05 

Y: 

0.00 

Z: 

3.05 

Thorax 

Seated 

X: 

3.82 

Ys 

0.00 

Z: 

5.64 

3.63 

0.00 

Standing 

X: 

3.43 

5.83 

Y: 

0.00 

Z: 

6.01 

Pelvis 

Seated 

X: 

-3.32 

-3.32 

(v/spine) 

Y; 

0.00 

0.00 

Z; 

0.77 

0.77 

Standing 

X: 

-4.02 

-4.02 

Y: 

0.00 

0.00 

Zt 

0.45 

0.45 

Pelvis 

Seated 

X; 

-3.34 

-3.34 

(w/o  spine) 

Y: 

0.00 

0.00 

Z : 

0.30 

0.30 

Standing 

X: 

-4.22 

-4.22 

Ys 

0.00 

0.00 

Z: 

0.09 

0.09 

L unbar 

Seated 

X: 

0.35 

o.j: 

Spine 

Y; 

P.00 

0.00 

Z: 

2.56 

-2.56 

Standing 

X: 

0.00 

0.00 

Y. 

0.00 

0.00 

Z; 

-2.56 

-2.56 
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imi  s  (amruoD) 


Latter 

u» 


Foot 


Upp*r 

An 


Fortan 


Hand 


Are  rage  GB 

iwlit  GB  Coordinatea  (in)  CoodiMtM  (in) 


Stated  1: 

I: 

Z: 

Standing  X: 

Ts 

Z: 

Seated  X: 

Y: 

Z: 

Standing  X : 

Y: 

Z: 

Seated  X: 

Y: 

Z: 

Standing  X: 

Y: 

Z: 

Seated  X : 

Y: 

Z: 

Standing  X: 

Y: 

Z: 

Seated  X; 

Y; 

Z: 

Standing  X; 

Y: 

Z: 

Seated  X: 

Ys 

Z: 

Standing  X: 

Y: 


Z: 


0.00 

2.78  {-)  Left 
-9.76 

0.39 

3.13  (-)  Left 

-6.10 

0.18 

-2.18 

-5.27 

-0.12 

-1.84 

-4.96 

-4.15 

0.00 

0.54 

-3.82 

0.00 

0.45 

-0.05 

1.64 

-4.97 

0.01 

1.73 

-4.78 

0.84 

0.59 

-3.05 

-1.00 

0.15 

-3.00 

-0.82 

-0.49 

0.48 

-0.85 

-0.56 

0.52 


0.00 

2.78  (-)  Left 
-9.76 

0.39 

3.15  (-)  Uft 

-6.10 


0.00 

-2.01  (♦)  Left 
-5.12 


-3.99 

0.00 

0.50 


0.00 

1.69  (-)  Left 
-4.88 


0.92 

0.37  (-)  Left 
-3.03 


0.84 

0.53  (-)  Left 
0.50 
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gasman  primcum.  mutts  or  dbxtia 


Maaifcin 

Stated 


Principal  Haa»t« 
of  Inertia  (lbt  aec* 


X:  0.1408 

Y:  0.2128 

Z:  0.1956 


Standing  X:  0.1408 

I:  0.212*: 

Z:  0.1956 


Averaged  Principal  Hoaents 
of  Inertia  (lbe  tec2  in) 


0.1408 

0.2128 

0.1956 


Neck  Seated  Z : 

T: 

Z: 

Standing  X: 

I: 

Z: 


0.0254 

0.0257 

0.0084 

0.025^ 

0.0257 

0.0254 

0.0084 

0.0257 

0.0084 

Thorax  Seated  X : 

Y: 

Z: 

Standing  X: 

Y: 

Z: 

Pelvia  Seated  X: 

(v/spine)  Y : 

Z: 

Standing  X : 

Y: 

Z: 

Pelvia  Seated  X: 

(v/o  apine)  Y: 

Z: 

Standing  X: 

Y: 

Z: 

L unbar  Seated  X: 

Spine  Y : 

Z: 


2.5506 

2.0184 

1.6836 

2.6203 

2.0517 

2.6899 

1.7336 

2.0849 

1.7835 

2.5109 

2.5109 

1.6110 

1.61 1C 

1.4925 

1.4925 

0.8879 

0.8879 

0.7293 

0.7293 

0.5659 

0.5659 

2.4575 

2.4575 

1.2969 

1.2969 

1.2080 

1.2080 

0.8019 

0.8019 

0.6182 

0.6182 

0.4678 

0.4678 

0.0612 

0.0612 

0.0593 

0.0593 

0.0205 

0.0205 

X:  0.0196 
Y:  0.01% 
Z:  0.0083 


Standing 
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0.0196 

0.0196 

0.0083 


Vpftr  Seated  X: 

Leg  T: 

Z: 

Staadiat  X: 

Xj 

Z: 

Lover  Seated  X: 

Leg  1: 

Z: 

Staadiat  X : 

X: 

Z: 

Foot  Seated  X: 

I* 

Z: 

Staadiat  X: 

X: 

Z: 

Upper  Seated  X: 

An  T: 

Z: 

Steading  X: 

X: 

Z: 

Foteaia  Seated  X: 

X: 

Z: 

Standing  X : 

X: 

Z: 

Hand  Seated  X: 

X: 

Z: 

Standing  X: 

X: 

Z: 


0.4092 

0.4092 

0.5934 

0.5934 

0.1040 

0.1040 

1.4494 

1.4494 

1.4948 

1.4940 

0.1909 

0.1909 

0.4724 

0.4744 

0.0313 

0.6708 

0.6745 

0.6609 

0.0397 

0.6745 

0.0400 

0.0069 

0.0512 

0.0491 

0.0067 

0.0524 

0.0045 

0.0491 

0.0536 

0.0490 

0.1035 

0.1018 

0.0102 

0.1025 

0.0997 

0.1014 

0.0110 

0.0976 

0.0117 

0.1203 

0.1152 

0.0060 

0.1191 

0.1128 

0.1179 

0.0069 

0.1103 

0.0077 

0.0114 

0.0093 

0.0033 

0.0115 

0.0093 

0.0115 

0.0036 

0.0093 

0.0038 
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2.1.4  HcuurtMBt  of  Manikin  Joint  Physical  Characteristics 

In  order  to  properly  reflect  natural  limitations  in  human  joint  freedom 
of  motion,  the  Hybrid  III  dunmies  have  built-in  joint  stops.  While 
these  stops  are  structurally  wall  defined,  their  effective  position  can 
he  somewhat  modified  by  some  local  structural  deformation  and  by  the 
interaction  of  the  soft  flesh  coverings.  Joint  resistive  properties  can 
also  be  modified  by  applying  resistive  torque  through  friction  devices 
in  the  manikin  joints.  This  frictional  force  is  user  adjustable  and  is 
mainly  used  for  maintaining  constant  manikin  position  prior  to  the  main 
impact  exposure.  In  the  tests  described  herein,  the  net  effect  of  sll 
the  parameters  which  contribute  to  joint  resistive  torque  were  aeasured 
except  that  of  tbe  joint  friction  mechanism. 

2. 1.4.1  Measurement  of  Joint  Resistance  Torque  as  s  Function 
of  Joint  Rotational  Angle 

Tbe  ATB/CTS  model  joint  modeling  capability  requires  tbe  representation 
of  joint  torque  resistance  as  a  function  of  angular  rotation.  The  joint 
characteristic  testing  in  this  study  was  designed  to  provide  this  data. 
In  general,  the  testing  approach  involved  tbe  rigid  clamping  of  one  of 
two  articulated  segments,  the  forcing  of  tbe  free  segment  through  a 
planar  arc  using  a  load  cell  and  aeasuring  the  force  required  and  the 
angle  of  rotation.  Using  this  process,  both  for  loading  and  unloading, 
resulted  in  joint  load  deflection  characteristics. 

2. 1.4. 1.1  Description  of  Joints  and  Test  Set-Up 

With  tbe  exception  of  tbe  hip,  which  has  a  ball  and  socket  joint,  the 
articulations  of  tbe  shoulder,  elbow,  wrist,  knee,  and  ankle  are  pin 
jointed  devices.  For  a  pin  joint,  the  two  devices  of  tbe  eojoining 
segments  are  binged  together  by  s  bolt  and  washer  combination  that 
provides  a  planar  range  of  motion  with  tbe  hardware,  sto,/S,  or  soft 
covering  determining  the  particular  range  of  motion.  While  the  joints 
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can  b«  tightened  to  provide  variable  joint  resistance*  all  joints  within 
this  study  were  loosely  torqued  to  alios  free  range  of  notion  within  the 
limits  of  the  soft  and  hard  stops. 

Vor  a  joint  under  investigation*  only  the  two  adjoining  segments  were 
used  to  conduct  the  test.  One  segnent  was  clasped  solidly  to  a  holding 
frsne  in  a  manner  that  would  bold  the  weight  of  the  test  object  without 
interfering  with  the  range  of  motion.  In  addition*  the  stationary 
segnent  was  positioned  so  that  the  joint  axis  was  parallel  to  the 
gravity  vector  to  eliminate  the  effect  of  the  torque  about  the  joint  due 
to  the  weight  of  the  rotating  segment. 

2. 1.4.1. 2  Instrumentation  Utilised 

A  Waters  5K  potentiometer  and  a  Strainsert  250  lb  single-axis  load  cell 
were  used  to  aeasure  the  angle  of  rotation  and  the  applied  force, 
respectively.  The  output  of  these  transducers  were  fed  to  a 
Hewlett-Packard  X  -  Y  recorder.  Calibrations  of  the  potentiometer,  used 
to  record  joint  rotation,  indicated  that  the  potentiometer  had  a  0.1 
degree  of  accuracy  and  good  linearity.  The  load  cell  was  wired  through 
a  bridge  balance  and  amplifier  to  the  y-axis  of  the  x-y  recorder  and  was 
periodically  calibrated.  The  load  cell  had  a  0.75  lb  accuracy. 

For  the  loosely  torqued  joints,  the  bolt  bolding  the  two  devices 
rotated  through  the  full  range  of  motion  with  the  movement  of  the 
rotating  segment.  This  rotating  bolt  was  attached  directly  to  the  axis 
of  tbs  potentiometer  through  an  interface  fixture  which  was  designed  to 
fit  the  bead  of  the  hex  bolt.  The  load  cell  was  positioned 
perpendicular  to  the  limb  axis  and  parallel  with  the  plane  of  rotational 
motion.  See,  for  example.  Figure  13.  Using  ’>Ue  load  cell  as  the  force 
application  device,  tbe  free  segment  was  man'ially  rotated  through  the 
entire  range  of  motion.  The  resulting  force  versus  angle  curve  was 
recorded  on  the  x-y  plotter.  The  desired  torque  versus  angle 
characteristics  were  than  determined  by  measuring  the  length  of  tbe 
mobile  segment  lever  arm  and  multiplying  this  length  by  tbe  measured 
force. 
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Generally*  the  curve  displayed  a  flat  region  of  joint  torque  with  angle 
of  rotation  within  the  free  range  of  notion*  that  range  which 
experiences  little  or  no  resistance.  A  eunaary  table  of  the  free  range 
of  notion  of  each  joint  is  found  in  Table  7.  The  interference  of  soft 
covering  or  soft  stops  generally  increased  the  resistance  in  a  nonlinear 
nanner.  This  nonlinearity  further  increased  as  the  joint  hard  stop  was 
reached.  The  direction  of  notion  was  reversed  to  neasure  the  unloading 
characteristic  and  the  loading  characteristic  in  the  opposite  direction. 
While  the  polarity  of  t*-e  curves  nay  vary  depending  on  the  polarity  of 
the  instruaentation  for  a  particular  test*  the  curves  could  be  con  pared 
by  identifying  the  aaxiaun  ranges  of  notion  snd  the  corresponding 
applied  terqueu.  To  define  the  curves*  srrows  depict  the  direction  of 
loading  and  unloading  of  the  joint  and  the  extreae  ends  of  the  curve  are 
labeled  with  extension*  flexion*  sbduction*  or  adduction.  The  start 
positions  are  also  noted. 

2.1. A. 1.3  Tests 

2.1.4. 1.3.1  Shoulder 

Flexion-extension  snd  abduction-adduction  novenent  of  the  shoulder  is 
provided  by  two  pin  joints.  Assuming  the  upper  srw  in  the  anatcaical 
position*  (hanging  vertically  down  with  the  long  bone  axis  parallel  to 
the  aid-ssgittal  plane),  flexion-extension  notion  is  obtained  by 
rotating  the  era  forward  snd  backward  while  renaining  parallel  to  the 
nid-saggital  plane.  Again  assuaing  the  anatoaical  position, 
abduction-adduction  aotion  is  obtained  by  rotating  the  upper  in  away 
froa  and  toward  the  body  while  reaaining  within  the  frontal  plane. 
Flexion-extension  characteristics  were  tested  with  initial  abduction 
angles  of  0  and  43  degrees.  The  angles  were  spproxiaated  with  the  aid 
of  a  gonioaeter  snd  the  abduct  ion- adduct ion  pin  joint  was  tightly 
torqued  to  hold  this  position.  Abduct ion- adduct  ion  tests  were  performed 
with  0  at  1  90  degrees  of  flexion. 

Abduction-adduction  angle  of  rotation  of  0°  flexion  was  aeasured  by 
first  positioning  the  upper  torso  horisontally  and  holding  it  securely 


TABLE  7 


Suwnary  of  free  Joint  Range  of  Motion 

jhoint  Ranae  of  Motion  Left/Right  Seated/ Standing  Free  Range  of  Motion 


Shoulder 

ab-ad  •  0  flex 

right 

at ending 

126  degrees 

Shoulder 

ab-ad  •  0  flex 

left 

at ending 

138  degrees 

Shoulder 

ab-ad  •  0  flex 

right 

aeated 

120  degrees 

8boulder 

ab-ad  #0  flex 

l.-ft 

seated 

98  degrees 

Shoulder 

ab-ad  •  90 

flex 

right 

standing 

117  degrees 

Shoulder 

ab-ad  t  90 

flex 

left 

standing 

114  degrees 

Shoulder 

ab-ad  t  90 

flex 

right 

seated 

116  degrees 

Shoulder 

ab-ad  t  90 

flex 

left 

seated 

122  degrees 

Shoulder 

flex-ext  t 

0  abd 

right 

standing 

230  degrees 

Shoulder 

flex-axt  t 

0  abd 

left 

standing 

174  degrees 

Shoulder 

flex-ext  t 

0  abd 

right 

seated 

215  degrees 

Shoulder 

flex-ext  t 

0  abd 

left 

seated 

210  degrees 

Shoulder 

flex-axt  t 

45  abd 

right 

standing 

216  degrees 

Shoulder 

flex-ext  t 

45  abd 

left 

standing 

209  degrees 

Shoulder 

flex-ext  t 

45  abd 

right 

seated 

251  degrees 

Shoulder 

flex-ext  t 

45  abd 

left 

seated 

218  degrees 

Elbow 

flex-ext  t 

0  rot 

right 

standing 

77  degrees 

Elbow 

flex-ext  t 

0  rot 

left 

standing 

77  degrees 

Elbow 

flex-ext  t 

90  rot 

right 

standing 

72  degrees 

Elbow 

flex-ext  t 

90  rot 

left 

standing 

78  degrees 

Elbow 

flex-ext  t 

160  rot 

right 

standing 

81  degrees 

Elbow 

flex-ext  t 

180  rot 

left 

standing 

74  degrees 

Elbow 

flex-ext  • 

270  rot 

right 

standing 

75  degrees 

Elbow 

flex-ext  t 

270  rot 

left 

standing 

74  degrees 

Elbow 

flex-ext  t 

0  rot 

right 

seated 

90  degrees 

Elbow 

flex-ext  t 

0  rot 

left 

seated 

87  degrees 

Elbow 

flex-ext  t 

90  rot 

right 

seated 

86  degrees 

Elbow 

flex-et  t  90  rot 

left 

seated 

86  degrees 

Elbow 

flex-ext  t 

180  rot 

right 

seated 

84  degrees 

Elbow 

flex-ext  f 

180  rot 

left 

seated 

92  degrees 
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TABLE  7  (Continued) 

Joint  Rente  of  Motion  Left/Riaht  Seated/ Standing  Free  Rente  of  Motion 


Elbow 

flex-ext 

•  270  rot 

right 

seated 

no  plot 

Elbow 

fle-ext  •  270  at 

left 

seated 

84  degrees 

Wrist 

flex-ext 

t 

0  rot 

right 

standing 

104  degrees 

Wrist 

flex-ext 

• 

0  rot 

left 

standing 

89  degrees 

Wrist 

flex-ext 

• 

90  rot 

right 

standing 

105  degrees 

Wrist 

flex-ext 

• 

90  rot 

left 

standing 

86  degrees 

Wrist 

flex-ext 

• 

180  rot 

right 

standing 

99  degrees 

Wrist 

flex-ext 

• 

180  rot 

left 

standing 

104  degrees 

Wrist 

flex-ext 

• 

270  rot 

right 

standing 

108  degrees 

Wrist 

flex-ext 

• 

270  rot 

left 

standing 

86  degrees 

Wrist 

flex-ext 

• 

0  rot 

right 

seated 

123  degrees 

Wrist 

flex-ext 

• 

0  rot 

left 

aeated 

119  degrees 

Wrist 

flex-ext 

• 

90  rot 

right 

seated 

107  degrees 

Wrist 

flex-ext 

• 

90  rot 

left 

seated 

107  degrees 

Wrist 

flex-ext 

• 

180  rot 

right 

seated 

122  degrees 

Wrist 

flex-ext 

• 

180  rot 

left 

seated 

105  degrees 

Wrist 

flex-ext 

• 

270  rot 

right 

seated 

116  degrees 

Wrist 

flex-ext 

t 

270  rot 

left 

seated 

119  degrees 

Knee 

flex-ext 

left 

standing 

84  degrees 

Knee 

flex-ext 

right 

seated 

90  degrees 

Knee 

flex-ext 

left 

seated 

86  degrees 

Ankle 

flex-ext 

right 

standing 

54  degrees 

Ankle 

flex-ext 

left 

standing 

33  degrees 

Ankle 

flex-ext 

right 

seated 

66  degrees 

Ankle 

flex-ext 

left 

seated 

68  degrees 

Hip 

flex-ext 

right 

standing 

78  degrees 

Hip 

flex-ext 

left 

standing 

27  degrees 

Hip 

sbd-sdd 

right 

standing 

47  degrees 

Hip 

sbd-sdd 

left 

standing 

60  degrees 

Hip 

flex-ext 

right 

seated 

0  degrees 

Hip 

flex-ext 

left 

seated 

0  degrees 

Hip 

sbd-sdd 

right 

seated 

0  degrees 

Hip 

sbd-sdd 

left 

seated 

0  degrees 
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with  straps  placed  across  tbe  thorax.  See  Figure  13.  This  position  of 
the  thorax  was  chosen  to  insure  that  the  abduction- adduct ion  axis  of 
rotation  was  parallel  with  tbe  gravity  vector.  The  upper  am  was 
attached  to  tbe  tborax  vitb  the  shoulder  joint  loosely  torqued.  An 
interface  fixture*  designed  to  fit  tbe  bead  of  tbe  hex  bolt,  held  tbe 
potentioaeter  shaft  directly  in  line  with  tbe  joint  axis. 

A  load  cell,  whose  axis  was  fixed  horizontally  and  perpendicular  to  the 
long  bone  axis  of  the  upper  am,  was  used  to  acasure  tbe  applied  force. 
An  attachaent  which  fit  the  elbow  joint  device  was  designed  to  properly 
orient  tbe  load  cell  with  respect  to  tbe  l^ng  bone.  The  potentioeieter 
recorded  tbe  angle  of  rotation  as  the  upper  am  was  manually  rotated 
through  the  full  range  of  notion. 

Figures  14  and  13  show  tbe  results  of  testing  the  left  and  right 
shoulder  joint  of  both  aanikins.  Coopered  to  the  seated  nanikin,  the 
range  of  notion  was  about  30  degrees  higher  for  standing  nanikin.  The 
tests  also  indicated  that  due  to  the  soft  covering  interference,  tbe 
total  range  of  notion  was  a  function  of  the  force  applied  to  the  upper 
am  for  both  aanikins.  The  free  range  of  notion,  that  is  tbe  range 
which  experiences  no  resistance,  was  larger  for  tbe  standing  nanikin, 
indicating  that  the  differences  in  tbe  range  of  notion  aust  be  tbe 
structural  characteristics  of  the  aanikins. 

Starting  from  the  anatoaical  position,  the  joint  experiences  resistance 
at  about  7°  adduction  due  to  the  soft  covering  before  n  'hanical 
hardware  provided  a  hardstop.  At  abduction  angles  of  120  to  133°, 
interference  of  the  acroaion  covering  becaae  increasingly  pronounced 
with  increasing  torque.  It  is  believed  that,  because  of  the  soft 
covering  interference,  tbe  hard  mechanical  stop  was  not  reached  in  the 
test. 

The  test  setup  for  tbe  90o  fi*xion  abduct  ion- adduct ion  joint  test  is 
illustrated  in  Figure  16.  At  90°  flexion,  tbe  abduction-adduction  tests 
were  conducted  in  the  sane  manner  as  the  0°  flexion  abduction-adduction 
tests. 
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Figure  lt>,  Shoulder  Abduction-Adduction  at  '*0°  Flexion  Test  Setup 
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The  resulting  curves  for  the  90°  flexion  sbduct ion- adduct ion  tests  ere 
presented  in  Figures  17  end  18.  Free  renge  of  notion  were  slightly 
larger  for  the  standing  aanikin  as  were  the  total  range  of  notion  values 
indicating  a  structural  difference  between  the  two  nankins.  The  range 
of  notion  for  adduction  notion  revealed  soft  stops  due  to  skin  to  skin 
interaction  of  the  upper  arn  with  the  soft  covering  of  the  upper 
thoracic  region. 

The  flexion-extension  tests  performed  at  0  and  45  degrees  initial 
adduction  angles  required  the  use  of  a  fixture  designed  to  track  the 
joint  rotation  of  the  flexion-extension  joint  axis.  As  illustrated  in 
Figure  19,  the  potentiometer  shaft  was  centered  on  the  joinr  axia  with  a 
V-shaped  attachnent.  The  test  was  performed  with  the  thorax  securely 
strapped  and  supported  while  on  its  side. 

Figures  20  through  23  display  the  -esuiting  joint  resistance  versus 
angle  of  rotation  curves  fot  the  flexion-extension.  Range  of  notion 
values  were  similar  for  the  0  cr«d  45°  position,  for  right  and  left 
joints  and  for  both  manikins. 
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RIGHT  SHOULDER 


LEFT  SHOULDER 

FIGURE  21.  SHOULDER  FLEXION-EXTENSION  AT  0°  ABDUCTION  FOR  SEATED  MANIKIN 
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2.1. 4.1. 3. 2  Elbow 


The  elbow  joints  allow  relative  rotational  Motion  of  the  forearn  with 
respect  to  the  upper  ana.  Flexion-extension  noveaent  is  provided  by  a 
pin  joint  while  a  sleeve  joint  allows  rotation  about  the  long  bone  axis. 
The  Medial  angle  of  rotation  is  a  full  360°for  both  Manikins  while 
flexion-extension  notion  of  the  forearn  is  liaited  by  bard  stops  and 
soft  covering  interference.  The  flexion-extension  joint  torque 
characteristics  were  tested  with  initial  angles  of  0°.  90°.  180°.  and 
270°  of  Medial  rotation  (rotation  of  the  forearn  toward  the  body).  Uith 
the  forearn  attached,  the  upper  ara  was  claaped  securely  to  the  holding 
fixture  aligning  the  flexion-extension  joint  vertically  as  illustrated 
in  Figure  24.  The  elbow  joint  was  placed  at  the  edge  of  the  holding 
fixture  where  full  extension  of  the  forearn  would  be  possible.  Using 
the  fixture  designed  to  fit  the  bead  of  the  bolt,  the  potentioaeter 
shaft  was  aligned  with  the  joint  axis.  The  load  cell  was  attached  to 
the  distal  device  of  the  forearn,  aligning  the  load  cell  axis 
horizontally  and  perpendicular  to  the  forearn  long  axis.  Using  the  load 
call  to  apply  the  load,  the  forearn  was  rotated  through  the  full  range 
of  notion. 

The  resulting  plots  of  flexion-extension  tests  for  all  four  angles  of 
Medial  rotation  are  presented  in  Figures  25  through  32  for  the  left  and 
right  elbow  joints  for  both  Manikins.  Range  of  notion  results  were 
higher  for  the  seated  .  mikin.  Generally,  for  both  Manikins  during  the 
0  degree  rotation  flexion-extension  tests,  extension  was  liaited  by  hard 
stops  at  about  15  degrees.  Flexion  generally  had  a  free  range  of  notion 
of  about  9G  degrees.  At  this  point,  increasing  resistance  to  free 
notion  was  produced  by  soft  covering  interference  of  the  upper  arn  with 
the  forearn.  For  the  180°  nedial  rotation  flexion-extension  tests,  the 
ranges  of  notion  are  aiailsr  to  those  found  with  a  0°  rotation  angle  for 
both  nanikins.  For  this  set  of  tests,  the  soft  skin  interactions  during 
flexion  provide  a  nonlinear  torque  response  and  interaction  with  a  hard 
stop  is  not  obvious. 

For  the  90°  and  270°  initial  nedial  rotation  flexion-extension  tests, 
the  ranges  of  notion  were  again  lurger  for  tne  seated  Manikin.  Free 
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FIGURE  25.  ELBOW  FLEXION-EXTENSION  AT  0°  ROTATION  FOR  STANDING  HAN  I K I 
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LEFT  ELBOW 


FIGURE  27.  ELBOW  FLEXION-EXTENSION  AT  lao*  MEDIAL  ROTATION  FUR 
STANOING  MANIKIN 


LEFT  ELBOW 


10.  ELBOW  FLEXION-EXTENSION  AT  90u  MEDIAL  ROTATION 
SEATED  MANIKIN 


LEFT  ELBOW 


FIGURE  32.  ELBOW  FLEXION-EXTENSION  AT  270°  MEDIAL  ROTATION  FOR 
SEATED  MANIKIN  (NO  RIGHT  COMPLIMENT) 


range  of  sot  ion  values  were  also  greater  for  the  seated  nanikin 
indicating  a  structural  difference  between  the  two  manikins.  The 
extension  bard  stops  were  not  as  obvious  as  those  found  in  the  0°  and 
130°  medial  rotation  flexion-extension  tests  due  to  increased  soft 
covering  interactions. 

2. 1.4. 1.3. 3  Wrist 

The  wrist  pin  joint  allows  flexion-extension  notion  of  the  hand  with 
respect  to  the  forearm.  An  additional  sleeve  joint  allows  the  hand  to 
rotate  about  the  long  axis  of  the  foreara.  flexion-extension  notion  was 
tested  with  0°,  90°,  180°.  and  270°  of  medial  rotation.  Illustrated  in 
Figure  33  is  a  left  wrist  at  90°  medial  rotation  during  a 
flexion-extension  test.  The  forearm  was  used  as  toe  rotating  segment 
since  the  elbow  device  is  more  easily  adapted  to  the  load  ceil.  A 
rubber  wedge,  which  fit  the  contour  of  the  palm,  was  used  to  assist  in 
rigidly  securing  the  band  to  the  support  structure. 

The  band  was  positioned  so  that  the  wrist  joint  axis  was  oriented 
vertically  to  eliminate  the  effects  of  gravity  on  the  applied  torc,ue. 

The  potentiometer  shaft  was  directly  aligned  with  the  axis  through  a 
fixture  designed  to  fit  the  head  or  the  holt.  The  load  cell  was 
attached  to  the  proximal  end  of  the  forearm  with  a  rod  designed  to  fit 
the  device. 

The  resulting  plots  of  the  f 1 txion- extension  tests  for  left  and  right 
wrist  joints  of  both  manikins  ere  found  in  tigures  34  through  41.  Range 
of  motion  results  indicate  significant  differences  between  the  tv 
manikins,  but  relative  consistency  tc<»  a  given  nanikin  between  left  and 
right  joints.  The  seated  mamkir  generally  sh'-ved  a  total  range  of 
motion  40  to  50  degrees  greater  than  the  » tending  manikin.  For  these 
cats,  the  larger  torque  values  resulted  in  larger  ranges  of  motion, 
indicating  that  the  deferences  m  the  raiges  of  motion  ere  a  function 
of  the  extent  to  which  soft  covering  of  the  fortere  wc-s  compressed  by 
the  palm  of  the  hand.  Slopes  of  the  f crce/ro* a? ion  curves  near  the 
limits  of  travel  tor  the  seated  manikin  appear  tc  be  larger  than  .’iose 
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LEFT  WRIST 

FICURE  }9.  WRIST  FLEXION-EXTENSION  AT  90“  MEDIAL  ROTATION  FOR 
SEATED  MANIKIN 


LEFT  WRIST 

FIGURE  A?.  WRIST  FLEXION-EXTENSION  AT  270"  MEDIAL  ROTATION  FOR 
SEATED  MANIKIN 


found  with  the  standing  manikin  which  indicates  that  the  wrist  was 
rotated  closer  to  the  flexion  hard  stop. 

For  the  0°  and  180°  medial  rotation  flexion-extension  tests*  the 
extension  range  of  motion  was  governed  by  an  obvious  hard  stop  as  is 
evident  in  the  plotted  results.  The  90°  and.  to  some  extent,  the  270° 
medial  rotation  flexion-extension  plots,  however,  display  a  more 
nonlinear  response  at  the  maximum  deflection  of  extension,  a  result  of 
soft  covering  interactionr. 

2. 1.4. 1.3. 4  Knee 

The  knee  joint,  a  pin  joint,  allows  flexion-extension  motion  of  the 
lower  leg  with  respect  to  the  upper  leg.  With  the  upper  leg  securely 
strapped  to  the  holding  fixture  and  the  knee  joint  axis  oriented 
vertically,  the  lower  leg  was  rotated  through  its  range  of  motion  as 
illustrated  in  Figure  42.  The  knee  joint  was  positioned  at  the  edge  of 
the  holding  fixture  to  allow  a  full  unobstructed  range  of  extension 
motion.  The  potentiometer  was  directly  aligned  with  the  knee  axis  and 
the  load  cell  was  attached  to  the  distal  end  of  the  lower  leg  with  an 
attachment  fabricated  to  fit  the  ankle  joint.  With  the  load  cell  axis 
positioned  horizontally  and  perpendicular  co  the  axis  of  the  rotating 
segment,  the  lower  leg  was  manually  rotated  through  the  full  range  of 
motion. 

The  resulting  data  plots  are  found  in  Figures  43  and  44.  While  the 
right  knee  of  the  standing  manikin  was  not  tested,  two  flexion-extension 
tests  of  tba  left  knee  were  performed  on  the  standing  manikin  to 
indicate  the  degree  to  which  the  range  of  motion  is  a  function  of  torque 
applied  to  the  knee  joint.  The  plot  displaying  the  larger  range  of 
motion  also  i.hows  e  greater  force  applied  to  the  load  ceil.  Although 
the  free  range  of  motion  and  extension  angles  appear  similar,  the  ungle 
of  flexion  rotation  is  i  tier  eased  with  increasing  load.  It  is  noted  t  fiat 
the  ranges  rf  motion  were  similar  fo*  both  the  standing  and  seated 
manikin. 


71 


left  knee 


FIGURE  43.  KNEE  FLE  ON-EXTENSION  FOR  STANDING  MANIKIN  (NO  RIGHT  COMPLIMENT) 
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FIGURE  44.  KNEE  FLEXION-EXTENSION  FOR  SEATED  MANIKIN 


2.1 .4.1 .3.5  Ankle 


The  ankle  pin  joint  all  owe  plantar  flexion  and  dorsiflexion  of  the  foot 
with  respect  to  the  lower  leg.  The  lower  leg  was  used  as  the  rotating 
segaent  and  the  foot  was  securely  clasped  to  the  holding  fixture* 
orienting  the  joint  axis  vertically.  See  Figure  45.  The  potentioaeter 
shaft  was  aligned  with  the  ankle  bolt  and  the  load  cell  was  attached  to 
the  proxiaal  end  of  the  lower  leg*  the  rotating  segaent*  and  was 
positioned  horizontally  and  perpendicular  to  the  long  bone  axis.  Both 
left  and  right  ankle  joints  were  tested  on  each  aanikin. 

Tbe  resulting  joint  resistance  versus  angle  of  rotation  plots  are 
presented  in  Figures  46  and  47.  Range  of  notion  values  indicate 
consistency  between  left  and  right  joints  on  each  aanikin*  but  a  15  to 
30  degree  larger  range  of  notion  for  tbe  seated  aanikin.  These 
differences  do  not  appear  to  be  a  function  of  torque,  but  are  due  to 
structural  differences  between  the  aanikins.  For  all  of  the  resulting 
ankle  curves*  the  stops  which  govern  both  flexion  and  extension  appear 
to  be  due  to  hard  aechanicsl  stops. 

2. 1.4.1. 3. 6  Hip 

The  hip  joint,  which  a  ball  and  socket  joint,  allows  aovea?nt  in  the 
flexion-extension,  abduction-adduction,  and  rotational  directions.  For 
this  joint,  the  resistance  of  the  ball  to  wove  within  the  ball  and 
socket  joint  is  determined  by  the  tightness  of  cap  screws  holding  the 
covering  plate.  For  a  joint  loosely  torqued,  however,  resistance  is 
primarily  provided  by  skin  to  skin  interactions  and  hard  stops.  The 
seated  pelvis  is  added  such  that  the  upper  leg  is  in  a  90  degree 
flexion  orientation.  The  standing  pelvis  is  aolded  to  allow  free 
rotation  in  the  flexion-extension  and  abduction-adduction  directions. 
Tbe  flexion-extension  and  abduction-adduction  tests  were  performed  at  a 
90  degree  flexion  starting  position  for  the  seated  aanikin  and  in  the 
anatoaical  standing  starting  position  for  tbe  standing  aanikin. 
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LEFT  ANKLE 

FIGURE  47.  ANKLE  FUXI0N-EXTENS1QN  FOR  SEATED  MANIKIN 


Since  the  bail  and  socket  joint  is  centered  within  the  molded  pelvis, the 
pot  used  to  measure  the  rotation  angle  was  centered  over  the  joint  and 
was  manually  rotated  to  follow  the  joint  rotation.  For 
abduction-adduction  tests,  the  seated  and  standing  pelvis  were 
positioned  upright,  supported,  and  secured  as  shown  in  Figure  48.  The 
load  cell  axis  was  positioned  horizontally  and  perpendicular  to  the 
upper  leg  long  bone  axis  and  was  used  to  manually  rotate  the  leg  through 
the  range  of  motion. 

For  the  flexion-extension  tests,  the  pelvis  was  positioned  on  its  side 
to  orient  the  joint  axis  vertically  as  shown  in  Figure  49.  The 
potentiometer  axis  was  again  held  above  the  joint  and  positioned 
coaxially  with  the  axis  of  rotation.  The  pot  was  rotated  manually  to 
follow  the  rotation  of  the  upper  leg.  The  load  cell  axis  was  positioned 
horizontally  and  perpendicular  to  the  upper  leg  long  axis  and  the  load 
cell  was  used  to  manually  rotate  the  upper  leg  through  the  range  of 
motion.  Flexion-extension  and  abduction-adduction  tests  were  conducted 
on  the  left  and  right  joints  for  both  manikins. 

Joint  torque  versus  angle  of  rotation  results  are  presented  in  Figures 
50  through  53.  Range  of  motion  values  from  the  seated  manikin  are  as 
much  as  126  degrees  smaller  than  the  standing  manikin.  These 
differences  are  an  obvious  result  of  mechanical  structure  differences 
and  the  skin  to  skin  interaction  of  the  seated  pelvis.  The  seated 
pelvis  has  an  extended  hip  flesh  which  surrounds  the  uppermost  part  of 
the  upper  leg  and,  thus,  greatly  restricts  the  range  of  notion  for  both 
flexion-extension  and  abduction-adduction  movement.  The  curves  display 
no  free  range  of  motion  for  the  seated  manikin.  The  standing  manikin, 
however,  ia  not  restricted  and  allows  a  limited  amount  of  free  range  of 
motion  before  reaching  soft  covering  interference. 


FIGURE  52.  HIP  ABDUCTIOH-ADOUCTIQH  FOR  SEATED  NAN1KIH 
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2.1. 4.2  Determination  of  Joint  ftia|«  of  Motion 


Tba  range  of  motion  of  a  joint  ia  determined  by  bard  stops,  soft  stops, 
and  aoft  covering  interactions.  The  hard  stops  provide  definite  notion 
limitations  of  a  joint,  while  the  soft  stops  or  soft  covering 
interactions  prevent  free  range  of  motion  and  produce  resistance  as  a 
function  of  angle  of  rotation.  Xa  the  latter  case*  a  well  defined  range 
of  notion  value  cannot  be  determined  as  this  value  becomes  a  function  of 
force  applied  to  the  rotating  segOent.  The  higher  the  torque  applied, 
the  more  tbs  Ain  or  soft  stop  deforms,  end  tbe  greater  the  range  of 
motion.  The  slope  of  tbe  force/daf lection  curve  provides  some 
indication  of  bow  dose  to  the  full  range  of  motion  the  joint  has  been 
moved.  As  tbe  slope  approaches  infinity,  where  no  amount  of  applied 
torque-*  increases  tbe  angle  of  rotation,  tbe  value  of  tbe  range  of 
motion  at  this  point  ia  tbe  aaaiaun.  for  aost  of  tbe  experimental 
curves  developed,  however,  the  maximum  range  possible  was  not  reached. 

Tbe  values  for  tbe  renge  of  notion  differed  between  the  left  and  right 
joints  for  a  single  manikin  and  also  from  manikin  to  manikin.  For 
example,  tbe  joint  characteristic  curves  wrist  flexion-extension  at 
0°  medial  rotation  joint  tests  for  tbe  standing  and  seated  manikin, 
shown  in  figures  34  and  38.  show  that  tbe  free  range  of;  notion,  that 
range  which  experiences  little  or  no  resistance,  is  approximately  30° 
greater  for  tbe  right  joint  than  was  measured  on  tbe  left  joint  of  tbe 
standing  manikin.  Additionally,  the  values  for  extension  beyond  the 
free  range  of  motion  are  about  10°  greater  for  the  seated  manikin  than 
tbe  values  measured  for  the  standing  manikin.  The  larger  values  for  the 
seated  manikin  suggest  a  structural  difference  between  the  two  aanikins. 

2. 1.4.3  Determination  of  tbe  Characteristics  of  the  Lumber 
Spine 

Tbe  molded  rubber  lumbar  spine  a1 i<ws  flexion-extension  and  lateral 
movement  of  tbe  thorax  with  respect  to  tbe  pelvis.  Deflection 
resistance  of  tbe  spine  is  dependent  upon  the  characteristics  of  the 
natural  rubber,  tbe  shspo  of  tbe  spire,  and  tbe  strength  of  tbe  steel 
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cable  or  cable*,  which  are  centered  axially  through  the  spina.  The 
seated  aanikin  apiae  is  curved  to  a isolate  the  seated  posture  while  the 
standing  aanikin  spine  is  a  straight  cylinder.  Both  spines  were  tested 
to  detemine  their  respective  stiffness  properties. 

2.1. 4.3.1  Spine  of  Standing  Manikin 

The  straight  spine  of  the  standing  manikin  was  statically  tested  in 
flexion.  Since  the  spine  is  cylindrUally  symmetric,  the  bending 
stiffnesses  in  flexion,  extension,  and  lateral  directions  are  the  same. 
TWo  teats  were  pefozmed  to  evaluate  the  degree  of  repeatability  in 
determining  the  moment  versus  angle  of  deflection  curve.  These  tests 
were  conducted  about  an  hour  apart  to  allow  a  recovery  period  for  the 
rubber  to  release  its  stored  energy  from  the  previous  test. 

In  the  test  setup  the  spine  was  positioned  borisontally  and  the  base  of 
the  spine  vs3  securely  damped  to  a  holding  frame.  The  top  o*  the  apine 
was  attached  to  a  cable  through  which  the  load  was  applied.  This  test 
setup  is  illustrated  in  figure  34.  A  load  cell  was  attached  to  the 
cable  and  the  applied  load  was  measured  and  plotted  against  the  angular 
rotation  of  the  tip  of  the  spine,  measured  by  an  inclinometer.  Section 
2  '.  .  *1.2  describes  the  method  used  to  convert  the  measured  force  to 

the  applied  moment  at  the  base  of  the  spine. 

The  results  of  the  tests  are  presented  in  figure  33.  Shown  are  plots  of 
applied  moment  versus  angle  of  rotation.  As  can  be  seen  from  the  plots, 
the  straight  spine  displayed  a  linear  response  with  applied  moment  over 
the  angle  of  rotation  tested  which  results  in  a  stiffness  value  of  about 
48  in-lb/deg  for  bending  in  all  three  directions.  To  further  quantify 
the  spine  stiffness,  the  spine  should  be  deflected  beyond  30  degrees. 

Although  the  straight  spine  bad  the  same  bending  stiffnesses  in  all 
directions,  to*  abdom.^al  insert  provides  a  stiffening  effect  in  the 
flexion  and  lateral  directiona  whan  inserted  in  tbo  aanikin.  To 
determine  tbia  stiffening  effect,  the  spine  was  statically  tested  with 
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Figure  55.  St. reight  Lumber  Spine  Bending  Teet 


and  without  the  abdomen.  A*  illustrated  in  Figure  56,  the  1 unbar  spine 
vaa  tasted  while  attached  to  both  the  pelvis  and  thorax.  An  aluaimai 
cavity  located  on  the  backside  of  the  pelvis  allowed  the  assembly  to  be 
directly  bolted  to  the  frswe.  The  nut  on  the  spine's  steel  cable  was 
torqued  to  10  in-lb  to  comply  with  PM  standards  and  the  tests  were 
spaced  about  an  hour  apart  to  &  low  the  rubber  a  recovery  period.  A 
pneumatic  piston  was  used  to  incrementally  load  and  then  unload  the 
spine  through  an  attached  flexible  cable.  A  St reinsert  1000  lb. 
single-axis  load  cell  was  used  to  monitor  the  applied  load.  Recording 
deflection  with  an  inclinometer,  the  load  cell  readings  were  measured  to 
provide  moment  versus  deflection  curves.  Only  the  loading  portion  of 
the  curve  was  used  to  determine  stiffness  properties.  IWo  tests  were 
performed,  both  with  and  without  the  adorn. nal  insert,  to  determine  the 
repeatability  of  the  test.  Presented  in  Figure  57  are  the  resulting 
curves  found  with  and  without  the  abdominal  insert.  The  resulting 
stiffness  is  about  23X  higher  with  the  abdomen  in  place. 

Applying  the  percent  increase  due  to  the  addition  of  the  atirB,,’“*i 
insert  to  the  baseline  bending  stiffness  of  tbe  straight  spine,  tl>e 
resulting  stiffness  is  approximately  60  in-lb/deg.  This  stiffness 
coincides  with  flexion  and  lateral  movement  as  tbe  abdominal  inse.t 
interacts  with  the  spine  during  bending  in  these  two  directions.  The 
stiffness  of  48  in-lb/deg  is  used  for  extension  since  there  is  no 
interaction  with  tbe  abdominal  insert  during  bending  in  this  direction. 

2. 1.4. 3. 2  Spine  of  the  Seated  Manikin 

-be  curved  spine  positions  tbe  manikin  in  a  seated  posture.  This  spina, 
although  cyliodrically  shaped,  is  curved  and  so  exhibits  different 
stiffness  characteristics  for  bending  in  tbe  flexion,  extension,  and 
lateral  directions.  All  three  bending  directions  were  statically  tested 
for  their  respective  stiffnesses. 

Figure  58  illustrates  tbe  static  flexion  test  setup  for  the  curved 
spine.  Tbe  top  of  tbe  spine  was  sttacbed  to  a  cable  through  which  tbe 
load  was  applied.  A  load  cell  and  an  inclinometer  were  used  to  measure 
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ANGLE  OF  ROTATION  (DEGREES) 


the  applied  load  and  the  angle  of  rotation  of  the  spine,  respectively. 
These  testa  were  also  conducted  in  a  similar  manner  for  extension  and 
lateral  directions  and  were  spaced  about  an  hour  apart  to  allow  for  a 
recovery  period. 

The  method  used  to  resolve  the  measured  force  to  the  applied  load  at  the 
base  of  the  spine  is  described  in  Section  2. 1.4. 4.1. 2.  Plots  of  the 
data  are  presented  in  Figure  59  through  61. 

These  curved  spine  static  bending  tests  were  performed  over  about  6°  of 
inclination.  In  teats  performed  with  the  curved  spine  attached  to  the 
thorax  and  pelvis  it  was  noted  that  the  force-deflection  characteristic 
softens  slightly  with  increasing  angle.  Due  to  this  softening,  the 
stiffness  for  small  angles  is  greater  than  that  for  large  angles.  Since 
a  linear  approximation  for  the  stiffness  over  large  angles  (20°  -  30°) 
was  used,  a  16, 7%  of  adjustment  was  made  to  the  slopes  in  Figures  59 
through  61.  This  adjustment  was  obtained  from  the  force-def Isction 
curve  without  abdominal  insert  in  Figure  62  by  comparing  the  slope  for 
points  up  to  6°  to  the  average  slope  over  the  full  curve.  Testing  the 
curved  spine  to  deflections  of  20-30  degrees  would  verify  these 
adjustment  figures.  Testing  the  curved  spine  beyond  the  30°  deflection 
would  further  quantify  the  spine's  nonlinear  characteristics. 

To  obtain  the  stiffening  effect  of  the  abdominal  insert,  t^e  curved 
spine  was  also  tested  while  attached  to  both  the  pelvis  and  thorax  with 
and  without  tbe  abdomen  as  described  in  Section  2. 1.6. 3.1.  The 
resulting  moment  versus  angle  of  rotation  curves  are  presented  in  Figure 
62.  With  the  addition  of  tbe  abdomen,  the  stiffness  values  appear  to 
increase  by  lit  over  that  of  the  basic  spine.  Applying  this  percent 
increase  to  the  stiffness  values  of  flexion  and  lateral  bending  to 
account  for  the  interaction  with  tbe  abdominal  inaert  during  bending  in 
these  directions,  stiffness  values  for  flexion  and  lateral  bending  are 
230  in-lb/deg  and  340  in-lb/deg,  respectively.  The  stiffness  for 
extension  is  150  in-lb/deg. 
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61.  Curved  Luabar  Spine  Lateral  Bending  Test 
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figure  62.  Curved  Lumber  Spine  Flexion  Teet  Kith  end  Without  Abdomen 


2. 1.4.4  Detetainatioe  of  the  Characteristics  of  the 
%bri4  III  leek 

TW  hybrid  III  sack  slices  torsioaal.  flexion.  extension.  aad  lateral 
■otiea  of  the  bead  eith  respect  to  the  thorax.  The  neck  is  constructed 
of  alnaiaoa  plates,  repress eti  eg  vertebral  el  wots,  bonded  together 
eith  alternate  sections  of  butyl  el art oner.  The  axial  strength  of  the 
neck  is  enhanced  by  a  steel  cable  ebich  is  bolted  through  the  center  of 
I  the  neck.  Sae  cuts  through  the  anterior  side  of  the  neck  provide 

reduced  extension  bending  resistance  vitbout  affecting  flexion.  Static 
aad  dyaaadc  tests  vers  performed  on  the  necks  of  the  standing  and  seated 
nanihins  to  detenu*  their  stiffness  characteristics. 

2.1. 4.4.1  Static  Tests 

2.1. 4.4.1. 1  Test  Procedure 

In  order  to  conduct  tests  of  the  neck  to  determine  tbe  bending 
stiffnesses  in  tbe  flexion,  extension,  and  lateral  directions,  tbe  neck 
vas  loaded  to  obtain  a  a  onset  versus  angle  of  deflection  curve  in  tbe 
sane  Banner  as  tbe  tests  of  tbe  luebar  spine.  With  tbe  base  of  tbe  neck 
rigidly  secured  to  the  holding  frees  in  a  horizontal  plane,  the  top  of 
tbe  neck  vas  attached  to  s  cable  through  which  the  load  vss  applied. 
Figure  63  illustrates  tbs  tsst  setup  for  tbe  static  neck  test.  A  load 
call  vas  attached  to  tbe  loading  cable  to  eessure  tbe  applied  load  and 
tbe  angular  rotation  of  tbs  element  vss  eessured  with  sn  inclinometer. 
Tbe  aetbod  described  in  Section  2. 1.4, 4. 1.2  was  used  to  convert  tbe 
eessured  fores  to  the  applied  aoeent  at  the  base  of  the  neck.  TWo  tests 
were  performed  for  each  configuration  of  both  necks  allowing  an  hour  in 
between  tests  for  s  recovery  period. 

2. 1.4. 4. 1.2  Oats  Reduction  Procedures  and  Results 

Tbe  data  reduction  procedure  outlined  herein  was  that  used  to  reduce  the 
test  data  obtained  for  the  luebar  seines  as  wall  as  tha  neck  since  all 
testa  were  conducted  using  the  saee  test  eetup  and  procedure. 
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ianaini  that  the  neck  or  ltmbar  deformation  acts  like  that  of  a 
coatiaaous  beta*  the  resulting  deformation  can  be  approximated  as  a 
circular  arc.  figure  64  illustrates  the  force  components  and 
deformation  geometry.  The  angle  0  is  tbe  angle  of  the  cable  aitb 
respect  to  the  vertical  or  perpendicular  to  the  long  axis  of  the  test 
article.  This  angle  did  not  change  a  ore  than  one  or  tno  degrees  and  so 
was  assumed  a  constant.  Tbe  angle  0  is  tbe  angle  of  the  deflection  of 
the  neck  and  /  z  and  f  y  are  the  deflected  horizontal  and  vertical 
locations  of  the  top  of  tbe  neck  respectively.  F0  is  the  applied  force 
read  directly  fron  tbe  load  cell  and  ¥y  and  tx  are  tbe  resultant  forces 
in  the  vertical  and  horizontal  directions.  Referring  to  tbe  free  body 
diagram  in  figure  65.  tbe  arc  length.  L.  is  proportional  to  tbe 
circtmference  of  tbe  circle.  C,  as  tbe  angle  of  deflection.  6  ,  is  to 
tbe  angle  2er.  Substituting  tbe  equation  for  tbe  circusference  of  a 
circle,  tbe  resulting  relationship  is  R^L/f  .  Using  geometry, 
coed  -4  y/D 

=  DCOSO  =  R(l-COS#  )  =  L{l-C0SO)'’  S  x  =  RSIN0  = 

Therefore,  the  naaent  transferred  to  the  base  of  the  neck,  rr  point  0. 

is 


Ho  =  <f  *Fy  ♦ 

=  ijpSIRO  *  £  P0(1-COS©  )SIN^ 

=  k*°  (Sine  005^4-  (1-C09®  )S1*0) 

Tbe  aonent  deflection  curves  developed  f  roe  the  test  data  are  presented 
in  figures  6b  through  68  for  flexion,  extension,  and  lateral  tests  of 
both  necks,  for  tbs  angles  of  deflection  tested  (30-50°),  the  necks 
displayed  linear  responses.  Deflecting  the  necks  to  70  degrees  or  sore 
would  probably  display  stiffening  at  tbe  neck's  response.  The  two  testi 
for  a  given  range  of  aotion  on  each  neck  averaged  to  provide  the 

stiffnesses  presented  in  Table  8.  As  expected  with  the  presence  of  the 
saw  cuts,  extension  stiffness  values  are  about  1/2  of  th<;  stiffness 
found  with  flexicn  or  '  ateral  aovrser.'  for  both  necks.  Resulting 
stiffness  for  the  seated  manikin  in  the  flexion,  extension,  and  lateral 
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stiff Mss**  for  tfa*  ssstcd  manikin  in  the  flexion,  extension,  and 
lateral  directions  were  32.71  in-lb/deg,  15.55  in-lb/deg,  and  28.40 
in-lb/deg,  respectively.  Stiffnesses  for  the  standing  aanikin  neck  in 
tbe  flexion,  extension,  and  lateral  directions  were  34.84  in*-lb/deg,  and 
13.817  in-lb/deg,  and  24.565  in-lb/deg,  respectively.  Con  pa ring 
stiffnesses  between  the  two  necks,  tbe  seated  aanikin  neck  is  stiffer  in 
tbe  extension  and  lateral  directions,  but  less  stiff  in  flexion. 

2. 1.4.4. 2  Oynaaic  Tests 

2.1. 4.4.2. 1  Test  Procedure 

Oynaaic  tests  were  performed  on  both  Hybrid  III  necks  to  provide 
stiffness  properties  under  dynamic  loading.  These  tests  were  performed 
in  flexion,  extension,  and  lateral  directions.  Positioning  the  neck  for 
an  extensicn  test,  m  illustrated  in  Figure  69,  entailed  rotating  the 
neck  horizontally  with  tbe  anterior  side  upward  and  securely  clamping 
the  base  of  this  element  to  tbe  bolding  frame.  A  large  disk-shaped 
weight,  weighing  several  times  tbe  weight  of  tbe  neck,  was  bolted  to  tbe 
top  of  the  neck,  causing  an  initial  extension  angle  of  rotation  of  about 
10  degrees  which  resulted  in  tbe  separation  of  the  saw  cuts.  An  Entran 
accelerometer  was  placed  on  tbe  top  of  tbe  weight  and  monitored  by  a 
storage  oscilloscope.  Manually  disturbing  this  assembly  resulted  in 
decaying  oscillations  that  were  recorded  with  the  oscilloscope  and 
analysed  to  obtain  the  natural  frequency  and  damping  characteristics. 

The  oscillatory  deflections  did  not  close  the  saw  cuts,  and  therefore,  a 
nonlinear  response,  such  as  a  combination  of  flexion  and  extension 
motion  was  not  observed.  A  number  of  tests  were  performed  for  each 
configuration  on  both  necks.  Flexion  and  lateral  tests  were  performed 
in  the  same  manner  with  the  anterior  side  of  the  neck  positioned 
downward  and  on  the  side,  respectively.  Torsional  tests  were  performed 
with  the  neck  oriented  vertically. 
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Figure  69.  Dynamic  Intension  Test  Setup  for  the  Feck 
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2. 1.4. 4.2. 2  Date  Reduction  Procedure  end  Results 


The  neck  stiffnesses  obtained  free  the  dynaaic  tests  were  calculated 
from  the  natural  frequencies  assuming  the  neck  to  be  s  cantilever  beaa 
with  a  large  mass  attached  to  the  end.  Given  the  mass  of  the  weight  and 
neck,  the  stiffnesses  were  celculated  using  the  formula 

wn  =  k  or  k  =  wn^  (M+0.23m) 

~  M+0. 23e 

where  M  =  Bass  of  tha  disk 
a  *  bsis  of  the  neck 
wn  =  natural  frequency 
k  *•  stiffness 

Several  tests  under  the  saae  conditions  were  perforaed  with  natural 
frequencies  differing  by  no  aore  than  3X.  Resulting  stiffnesses  for  the 
seated  aanikin  neck  in  the  flexion,  extension,  and  lateral  directions 
were  66.68  lb/in,  27. ‘*1  lb/in,  and  61.49  lb/in,  respectively. 

Stiffnesses  for  tho  standing  aanikin  neck  in  the  flexion,  extension,  ami 
lateral  directions  were  S9.00  lb/in,  34.70  lb/in,  and  59.29  lb/in, 
respectively. 


2. 1.4. 4. 3  Comparison  of  Static  and  Dynaaic  Test  Results 

The  caaparison  of  the  neck  stiffnesses  obtained  froa  the  static  and 
dynaaic  tests  are  presented  in  Table  8.  The  dynaaic  results  were 
changed  to  in-lb/deg  only  to  directly  c'mpare  with  the  static  results. 

As  can  be  seen  froa  the  data  presented  in  this  table,  the  stiffnesses 
determined  froa  the  dynaaic  tests  are  larger  than  those  determined  from 
tie  static  tests  with  the  largest  differences  associated  with  the 
lateral  stiffnesses.  A  specific  reason  for  the  differences  between  the 
statically  and  dynaaically  derived  stiffnesses  was  not  firmly 
established,  but  it  is  believed  to  be  associated  with  the  "creeping"  of 
the  rubber  when  loading  is  applied  slowly.  Also  presented  in  the  table 
ere  the  damping  factors  that  were  determined  froa  the  dynaaic  tests.  As 
noted  the  damping  is  approximately  20X  of  critical  regardless  of  the 
direction  of  motion. 
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2.1. 4.4,4  Measurement  of  the  Nodding  Block  Stiffness 

The  two  rubber  nodding  blocks  are  located  anteriorly  and  posteriorly  on 
top  of  the  head- to- neck  adaptor  and  proride  a  softening  effect  during 
flexion  and  extension.  Although  the  neck  stiffness  plays  a  primary  role 
in  the  dynamic  response  of  the  bead-neck  system*  the  stiffness  of  the 
block  also  contributes  to  this  response.  To  model  the  net  head-neck 
system  it  is  necessary  to  include  the  bending  stiffness  characteristics 
of  nodding  blocks. 

The  blocks  were  inserted  into  the  head-to-neck  adaptor  and  the 
transducer  replacement  or  dummy  loav  cell  was  attached  with  the  pivot 
pin.  The  base  was  rigidly  mounted  onto  a  fixture.  An  additional 
bracket  was  mounted  onto  the  transducer  replacement  with  extended  anas 
on  which  two  symmetrically  placed  pneumatic  pistons  acted.  To  produce 
bending  of  tke  head-neck  joint,  the  pistons  provided  equal  and  opposite 
offset  loads  from  the  joint  axis  during  which  the  angle  of  rotation  was 
recorded.  A  curve  of  the  nodding  block  static  bending  moment  vs.  angle 
data  shown  in  Figure  70.  The  resulting  linear  stiffness  is  about  161 
in-lb/ deg. 


TABLE  8 

HYBRID  111  MIC*  PROPERTIES 


Static 

Dynamic 

X 

Damping 

Motion 

Stiffness 

Stiffness  Difference 

Factor 

Flexion 

-  Seated  Hybrid  III 

32.71  in-lb/deg 

39.97  in-lb/deg 

22.2 

0.20 

-  Standing  Hybrid  III 

34.84  in-lb/deg 

35.37  in-lb/ deg 

1.5 

0.20 

Extension 

-  Seated  Hybrid  III 

15.55  in-lb/deg 

16.73  in-lb/dvg 

7.6 

0.22 

-  Standing  Hybrid  III 

13.62  in-lb/ deg 

20.80  in-lb/deg 

50.5 

0.22 

Lateral 

-  Seated  Hybrid  I. I 

28.40  in-lb/ deg 

36.86  in-lb/deg 

29.8 

0.20 

-  Standing  Hybrid  111 

24.57  in-lb/deg 

35.54  in-lb/deg 

44.6 

0.20 

no 


p.'irt'  70.  Nodding  Block  Stiffness  Curve 


2.1.5  MunmMot  of  the  Compliance  Characteristic*  of  Stfent 
Skin  Coverings 

The  AD/C la  aodel  hss  the  capability  to  account  for  segaent  with  segaent 
or  segaent  planar  surface  interactions.  In  order  to  perfoxa  this 
prediction,  the  coapliance  characteristics  of  the  segaent  akin  coverings 
are  required.  The  physical  features  of  each  segaent  soft  covering  can 
be  characterised  by  a  load  versus  deflection  characteristics.  The  soft 
covering  used  for  the  flesh  of  tbs  as oik ins  consists  of  a  dense  outside 
layer  of  polyurethane  or  vinyl  plastisoi  aolded  around  a  pourous  foaa 
layer  of  the  sea*  aaterial.  As  the  akin  is  statically  loaded,  the  vinyl 
foaa  deforas  such  that  a  hysteresis  effect  results  vben  the  load  is 
reaoved.  The  detetainstion  of  tbe  coapliance  characteristics  of  the 
skin  covering  over  pertinent  parte  of  the  aanikin  ass  the  objective  of 
tbe  tests  conducted. 

2. 1.5.1  Deacription  of  Equipaent  and  Techniques  Utilized  to 
Establisb  Coapliance  of  Skin  Covering 

The  density  and  thickness  of  tbe  aanikin  soft  covering  vill  vary  frou 
segaent  to  segaent  and  aleo  over  a  given  segaent.  To  deteraine  an 
average  coapliance  for  a  segaent.  deflection  aeasursaents  were  aade  at 
different  locations  for  that  particular  segaent.  If  tbe  coapliances 
vere  drastically  different,  a*  with  tbe  front  and  back  of  the  thorax, 
then  two  separate  skin  coapliance  functions  vere  recorded.  Exceptions 
to  this  vere  the  band,  foot,  and  abdoaen  which  vere  tested  at  only  one 
location.  All  test  locations  for  each  segaent  are  presented  vitbin  tbe 
segaent  data  tables  found  in  Section  2. 1.6. 2.  These  test  locations  vere 
chosen  as  segaent  surface  areas  nost  likely  to  contact  vith  another 
segaent,  tbe  steering  vbecl,  seat,  or  dashboard.  Again,  because  an 
average  coapliance  was  desired,  these  test  points  vere  located  to 
include  tbe  effects  of  varying  hardvare  interference  as  veil  as  varying 
soft  covering  density  and  thickness. 
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To  tMt  the  surface  compliance.  a  pneumatic  piston.  monitored  with  a 
load  cell,  applied  static  loads  at  the  designated  location  oa  the 
sqpeat  voder  investigation  sad  the  deflectioa  was  aaaswrad  as  the 
distaace  traveled  by  the  piston.  Figure  71.  for  example.  illustrates 
the  test  apparatus  being  used  in  conjunction  wit!  the  left  for  earn.  The 
point  of  application  through  which  the  load  was  applied  was  a 
saucer-shaped  probe  having  either  1"  or  2.5"  disaeter.  The  snail  and 
large  probes  were  used  to  simulate  either  a  console  or  steering  wheel  or 
a  harness  or  eat  contour,  respectively.  The  large  probe  was  used  to 
test  the  thorax,  abdomen,  buttocks,  and  uppei  leg  and  the  saaller  probe 
was  used  for  the  roaainiag  sepients.  The  teat  consisted  of 
incroaentally  loading  and  then  unloading  the  surface  while  recording  the 
deflection  and  load  cell  reading.  The  mount  of  penetration  depth  was 
detendnad  by  either  the  interference  of  the  hardware  or  the  stroke 
length  of  the  piston.  The  tabular  data  were  then  plotted  to  obtain  a 
load  versus  deflection  curve. 

2. 1.5.2  Discussion  of  Results 

As  the  objective  of  the  tests  was  to  obtain  an  average  conpliancc 
paraneter  for  a  given  segment,  the  test  locations  for  different  general 
areas  of  a  seguent  were  only  appraxiaately  the  sane  for  the  sane 
segpents  of  the  two  uanikins.  It  is  noted  that  the  degree  to  which 
underlying  segment  hardware  resisted  the  deflection  produced  different 
stiffening  effects  which  were  apparent  in  the  data.  In  addition,  since 
the  density  and  thickness  of  both  the  external  and  foam  skin  layers 
affect  the  stiffness  characteristics  of  the  skin  covering,  the 
force-deflection  data  reflected  those  characteristics.  These 
differences  are  reflected  in  the  skin  force-deflection  curves,  presented 
in  Figure  72,  which  were  obtained  at  one  test  location  on  the  forearm  of 
tbe  two  different  aanikina.  While  these  curves  are  not  to  be  directly 
coapared  in  detail,  their  different  characteristics  demonstrate  the 
differences  found  with  varying  skin  density  and  thickness  and  hardware 
interference.  As  all  of  these  factors  vary  from  location  to  location, 
an  average  coupliance  was  used  to  represent  these  properties  of  the  soft 
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Figure  71.  Compliance  Test  Apparatus  With  Forearm 


covering  foe  •  given  wpwt.  The  measured  dot*  obtained  f ron  the  skin 
confluence  testing  are  presented  in  Section  2.1. 5.3  for  all  of  the 
nenilrin  components. 

2. 1.5.3  Plots  of  Skin  Conpl iance 

figures  73  throogb  98  present  plots  of  applied  force  vs  deflection  of 
the  akin  coverings  for  the  various  manikin  segments.  From  the  results 
presented  in  these  figures  the  skin  compliance  data  required  for  the  AZB 
prediction  progran  were  determined. 

2*1.6  Data  Tables  of  Segment  Physical  Characteristics 

The  experimental  data  describing  segment  properties  presented  and 
discussed  in  the  previous  sections  of  this  report  are  suanarised  in  the 
data  Tables  9  through  31  provided  in  this  section.  All  the  dste  thet 
were  developed  for  e  given  segment  bsve  been  collected  end  tabulated  on 
separate  pages  for  assy  reference  and  use.  The  description  of  tbe 
geonetric.  nass  distribution  and  surface  characteristic  data  for  each  of 
tbe  Hybrid  III  segments  that  are  preeented  in  tbe  data  Tables  ere 
defined  in  this  section.  For  those  segments  unique  to  each  nsnikin 
(i.e. ,  spine,  pelvis,  and  upper  legs),  separate  tables  are  presented. 
Only  one  set  of  tables  is  necessary  for  ascb  of  tbe  ranaining  segnents. 
which  ere  identical  in  design  for  both  manikins.  For  discussions  on  bow 
tbe  dat  were  obtained  in  these  tables,  see  tbe  appropriate  report 
chapter. 

The  following  information  is  provided  for  escb  of  tbe  segnents  in  tbe 
Tables : 

1.  Local  Reference  Axes.  These  have  been  defined  to  best  represent  tbe 
symmetry  of  the  segment  and  are  generally  based  on  segment  aecbanical 
features.  They  ere  illuetreted  ae  axes  X^,  YL,  and  2^. 

2.  Anatomical  Axes.  Identical  to  eegment  definitions  in  Toung.  et  si. 
15]  and  are  based  on  equivalent  human  anatomical  landmarks.  They  are 
illustrated  as  XA,  Yg,  and  Zg. 
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SEATED  MAftIKIN  STANDING  MANIKIN 

Figure  75.  Skin  Compliance  Curves  for  Front  of  Thorax-Position  1 


SEATED  MANIKIN  STANOING  MANIKIN 

Figure  76.  Skin  Conpl lance  Curves  for  Front  of  Thorax-Position  2 


SEATED  MANIKIN  STANDING  MANIKIN 

Figure  77.  Skin  Compliance  Curves  for  Front  of  Thorax-Position  3 
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SEATED  MANIKIN  STANDING  MANIKIN 

Figure  78.  Skin  Compliance  Curves  for  Back  of  Throax 


SEATED  MANIKIN  STAN01NG  MANIKIN 

Figure  79.  Skin  Compliance  Curves  for  Abdominal  Insert 
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SEATED  MANIKIN  STANDING  MANIKIN 

Figure  80.  Skin  Compliance  Curves  for  Buttocks-Posltlon  1 


SEATED  MANIKIN  STANDING  MANIKIN 

Figure  8!.  skin  Compliance  Curves  for  Buttocks-Posltlon  2 
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SEATEO  MANIKIN 
Figure  82.  Skin  Comph 
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STANDING  MANIKIN 
Curves  for  Buttocks-Posltlon  3 
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SEATED  MANIKIN  STANDING  MANIKIN 

Figure  84.  Skin  Compliance  Curves  for  Upper  Leg-Position  2 
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SEATED  MANIKIN  STAN0IN6  MANIKIN 

Figure  87.  Skin  Compl lance  Curves  for  Front  of  Lower  Leg-Position  1 

LB. 


SEATEO  MANIKIN  STANDING  MANIKIN 

Figure 88.  Skin  Compliance  Curves  for  Front  of  Lower  Leg-Position  2 
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SEATED  MANIKIN  STANDING  MANIKIN 

Figure  89.  Skin  Compliance  Curves  for  Back  of  Lower  Leg-Position  3 


123 


SEATED  MANIKIN 

Figure  90. 


STANDING  MANIKIN 
Skin  Compliance  Curves  for  Foot 


LB. 
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SEATED  MANIKIN  STANDING  MANIKIN 

figure  94.  Skin  Compliance  Curves  for  Upper  Arm-Position  3 
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SEATED  MANIKIN  STANDING  MANIKIN 

Figure  97.  Skin  Compliance  Curves  for  Forearm-Position  3 


Miritiw.  The  — 1  ngoas  manikin  location*  are  described  aad 
illMtntti.  and  tbe  coordinates  (ia  inches)  an  presented  for  both  ax is 
•fatmaa. 

4.  Tt— if newation  f ran  Local  Inference  to  kaf  i  ral  An*.  This  ia  tka 
rotational  cooiaa  tranaf otnatioa  matrix  tkat  tranafotna  a act or 
canfonaota  fron  tka  Local  lafaroaca  to  tka  Anatomical  Anas  Coordinate 
Systssu  Beta  tkat  tkaaa  two  coordinate  «fitna  linear  off  act  can  be 
oktainad  fron  tka  Segment  Laadnark  coordinate  points  given  in  each 
table. 

5.  figpint  Contact  Kllipeoid  Saniaaes.  Tkaoe  are  tka  values  (in 
inckao)  uaod  in  dafining  ellipsoids  for  tke  accompanying  AH  body 
description  input  file  vitb  tke  anas  serened  to  be  aligned  with  the 
local  reference  axes. 

6.  Height  in  pounds.  Ibis  is  tke  average  weight  of  segments. 

7.  Principal  Nonents  of  Inertia  (Ibo-  sec2- in).  These  values  are  the 
averages  of  those  found  fron  tke  aaaikin  segnent  neasurenents. 

8.  Tranaf ornati on  fron  Principal  Axes  to  Local  Reference  Axes.  This  is 
the  rotation  cosine  transformation  natrix  that  transforms  vector 
conpononts  from  the  Principal  Axes  to  the  Local  Reference  Axes 
coordinate  system.  Both  of  tbe  coordinate  systsns  have  tbeir  origin  at 
the  center  of  nass  of  tbe  se^ent  therefore  there  is  no  linear  offset 
between  these  two  coordinate  syttm*. 

9.  Surface  Force-Deflection  Characterisation.  Tbe  surface 
force-deflection  properties  are  given  by  a  fifth  order  polynomial, 

F(D)  -  io  *  4jD  ♦  A2D2  ♦  A3D3  ♦  A*D*  ♦  A5 D>. 
where  P(D)  is  the  force  in  pounds,  D  is  the  deflection  in  inches  and  tbe 
A^'s  are  tke  polynomial  coefficients.  Tbe  test  points  are  illustrated 
by  one  or  more  x  's  on  tbe  segnent. 
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TABLE  9 

RIGHT  UPPER  MM 


mi* aasaig 

l  mH  -  m tar  frm  n^t  tam.tr  u  n#»  rim 

14  ft  Mi  •  rl#c  1  aural  Mcw»li  ■Mn  iImm. 

I mH  -TiL 

OrtfU  -  «nr  a*  irony. 


I  Mis  -  tartar  fraa  laural  kMtral  aaicaaaaU  u  itmltlt. 
T  aata  -  aaraal  trm  7  aata  U  «<MI  (Mural  aatcaafyla. 

I  Mil  -tit. 

Ortfta  •  at  acraalata. 


I.  MM  Acraalata  u  trm  flam  •  laural  tapariar  Mfi  at  tu  m  utanaa. 

t.  MM  laural  Mural  taicaaayla  aa  ara  tlaau  •  laural  ( "tartar  tayt  at  tu  ana  caurtaf. 

J.  *1#K  Urttl  (Mural  (aUaaOyla  m  ara  tlam  •  aaa<al  lafartar  aOyt  • f  tta  ara  carartay. 

«.  *1#K  SAulaar  Jam  Caaur. 

V.  KM*  DU*  jam  Caaur. 


1.  tifft  kraal  a  la  «a  ara  flam 
I.  MfK  laural  mart!  Calcaaula  aa  tlam 
i.  Hartal  duaral  IrtctMylt  aa  tlam 

a.  aiM*  ftuliar  Jaiat  Caaur 
I.  tl«K  tlbu  Jala*  Caaur 
I.  Olfft  Uaa r  ara  Caaur  at  MarlDi 

TraaataraaMaa  fraa  lacal  Utaraau  u  Atturttrt  lag 

[0.9WU  -t.ooioo  -o.ot*77l 
-o.oo«*  -a.wtoi  -o.oioio 
-0.00047  O.OUlt  -o.***otJ 


tact) 

Oafaraau 

Aaat  (la) 

Aaauuul  Ur.  (m| 

t 

T 

7 

I 

T 

7 

0.00 

i.n 

-4.04 

0.00 

0.00 

0.00 

0.00 

1.07 

J.S4 

0.00 

0.00 

-4.30 

0.00 

•1.01 

1.40 

0.00 

J-73 

-4.  JO 

0.00 

0.00 

-4.4) 

0.00 

i.70 

0.M 

0.00 

0.00 

4.94 

0M 

l.W 

-9.01 

0.00 

0.00 

0.00 

0.00 

1.09 

-4.10 

lamat  Caautt  tlKuaU  Hi  tut  (la) 
I:  l.NO  »:  l.UO  I:  4. 00* 


trtaalul  Uuatl  at  laarttt  (lw  -  jgf  -  (a) 
t:  O.IOH  T:  0.0*97  1:  0.0110 

Trautaraaaiaa  trg  tr igigi  u  local  Mtum  tan 


0.99974  *0.00004  0.01700 1 
•4.00004  .1.00000  0.00000 
.  0.0000  0.00000  *4.99074 J 


•  urn.  .  :m~>  j 


Ay  •  l.MU  Aj  •  00.4704  A,  •  077.009  Aj  •  -11*7.70  A,  >  917.7)1  A,  •  0 
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TABLE  10 

LEFT  OFFER  MM 


».  uft  AcraaUia  m  tra  slam  •  Ittvti  scarin'  «*f*  «f  t»a  are  Catarina. 
t,  v*n  litoral  Haaaral  tp?cano*la  an  trm  dam  >  Tatar#?  tafariar  Mfi  af  Um  «ra  coaortn* - 
j.  uft  %#la1  H—nT  {jpltaefelt  an  m  slaoaa  -  aaftat  ‘.afariar  aaya  of  t*a  am  canart**. 
t.  Uft  StouTaar  Joint  Cantor. 

5.  laft  fl*on  Joint  Cantor. 


Utai 

Oaffranca 

A* at  (in) 

Ana tool cat  Aant  (in) 

a 

V 

£ 

1  1 

1 

1. 

Uft  AcmaUia  an  ana  alaaaa 

0.00 

-i 

•4.9* 

<5.00  o.oe 

o.co 

1. 

un  utaral  *maral  {*ica«#l»  on  tlaono 

aoQ 

-1.01 

).W 

0.00  9.00 

-*.a 

J. 

Uft  Hiatal  maoml  tpica^la  an  tlaona 

0.00 

l.Oi 

J.M 

0.00  -J.O 

-0.30 

A. 

Uft  Stan  liar  Jaint  taetar 

0.00 

0.00 

-«.*3 

9.00  .l.H 

0.H 

S. 

Uft  (IImm  Jam  Cantar 

0.00 

s.w 

«.« 

0.90  •».» 

.*.*1 

0. 

uft  aaaar  Ana  Cantar  af  Sra*Kf 

0.00 

0.10 

0.00 

0.00  -1.M 

-4.M 

Iranafomat’an  fga  tout  Otfaraag  to  anataaiu*  <**t 

[O.H*H  0.00100  -o.o«>cl 
o.oojus  -c.mai  o.oui*j 
4.Q0M?  -O.HOW  -Q-fMlJ 

3UBSLSS&  W— w  ^**«i  i!»i 

l:  1.M0  1:  S.flO*  l  *.000 

Hueuittl 

t.M 

frmuai  Wwaatt  a?  <321*  Hi*  Jgj  ♦ 
i.  a.to*»  r:  o.ot*;  I:  0.0110 

loaOsaaie  !se  a  v**'  Meat  fai 

fo.ooo;*  0.0600*  o.okoo] 

A,,  *  0.0000*  0.00000 

(|.enoo  o.owoo  -o-mowJ 

tarfaca  Poftts^tU*  Caaffit^t  Ojlatja*  uaa  Gatt  ta  »M«tun  t,#. 

*0  •  i.ino  *,  *  -».**•*  v  •  umw  *)  •  •»;*;.»#  *«  •  *i».ro  a,  •  0 
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TABLE  U 

RIGHT  FOREARM 


fg 

3? 

I 


I 


lacii  **ftr*i»co  tgi 

2  nti  -  »*ct*r  fra  rifit  *t*«*  (W  t#  ta*  tip n  «rm  eot*r. 
*4  |)<H  *  J«*f«3  «*d  *f  tf*  fl$*t  trl  ft  ftfllM  M«. 
x  uu  -  r  *  L 
onpa  -  color  of  yrtvity. 

teifaiai  fag 

Z  ufs  -  vttirr  f«q  »l*jr  stylo**  to  rtdlil*. 
r  oils  -  voctor  fra  rodtol  tiyltla  oral  to  Z  mis. 

I  «»»  -  f  *  Z. 

Ortjl-l  -  <t  roOlolo. 


Swom  UOQOtrtS 


J.  fcMlil*  -  vt  t«*  Itvol  of  too  distil  lottrol  toy*  of  to*  oltoo  nirdart,  NOroolMtoly 

too-toiros  of  too  flitmct  fra  Uo  tnt*rl*r  to  to*  asurttr  atdlmts. 

?,  lift  in oor  Styloid  frocots  a  ta  sl**v*  -  oistol  aotol  Mf  of  tn*  oro  covortoy. 

J.  Ilfrt  fndtil  StyloU  fritni  m  *r»  slot**  .  <istt!  lotorol  td*t  of  to*  or*  covorioy. 

t.  Iiyr.t  l*ttr«l  Karol  Ulcoodylo  -  projection  of  tto  lottrol  on*  of  CM  rtfit  tloa  tilt  to  tn* 

torfoc*  ctvtriny. 

s.  Ilfrt  Odtil  Karol  Co'cMdyt*  -  prcj*ct»un  a*  to*  ttdUl  ad  of  tot  riyot  ol»OM  oils  to  in* 
tvrfoct  covtrtny, 

o.  dijM  O&a  joint  eat* r. 

7.  *l|M  drlst  Joint  Contor. 


lOCll 

•of tract  Arts  (in) 

Anitqlcil  Aits  (m) 

1 

f 

l 

I 

T 

l 

1. 

HgK  itdlslt 

-l.ZO 

1.3* 

-Z.*l 

0.00 

0.00 

O.oo 

z. 

dipt  Ulntr  Styloid  Prtctts  0*  slMvt 

0.00 

•l.ll 

s.sz 

0.00 

0.00 

-S.46 

3. 

*l|Ht  Mdlil  Styloid  fr»tf»*  «*  slttv* 

o.zo 

1.11 

S.A7 

0.00 

-2.13 

«. 

Bijni  utorpl  Karo!  Eptrady !t 

0.ZS 

0.*0 

-J.  *0 

l.to 

o.«« 

0.4J 

t, 

klyrt  %dUl  Maori!  Cpicondyl* 

-0.ZI 

-o.*o 

0.6* 

l.Z* 

z.z* 

0.00 

6. 

Rlfht  Cl*a  Join  Cd*t*r 

0.00 

0.00 

0.67 

I.SZ 

1.31 

0.17 

7. 

Kyfit  drift  Ji!«t  Cat*' 

o.oo 

0.00 

6.07 

-0.10 

-1.11 

-*.o* 

a. 

*1jft  f*r**r*  t#«t*r  of  (jr»»Uy 

0.00 

0.30 

0.00 

0.*Z 

0.J7 

-J.03 

Trootforattow  frq  tool  **f tract  to  *MtaU«l  tool 
fO.MU)  O.0*«»  -C.  ISMS 

*u  •  -c.u»n  -o.sesj?  -o.zwz* 

[-C.UMS  0.Z7M4  -O.WtO*. 

Stoat  ContKt  Ellipsoid  Sau«*s  (»*) 

I:  um  f:  1.77*  i  s.aoo 

dtivdt  (l»s) 

J.80 

frlntlpol  moots  Qf  Inprtll  (1st  .  vtc*  ■  to) 

I:  0.11*1  T:  O.UZI  Z:  0.00** 


TrpMfsmotlto  frq  frincipol  to  loco  I  Nftrtnct  tots 


\f 


0 .*♦**«  0.00000  O.OZZfl 
0.00000  -1.00000  0.00000 
-0.0ZM1  0.00000  -0.***7« 


Surfttt  C>«rKt*ristits  Iqfftttats  Ajlillno  ltd*  I'M)  tt  PtHtttl**  ;inj 

Ay  •  -Z.WflO  A,  •  107.3*0  •  -313. MS  *j  •  S04.6I'  *4  ♦  -1M.J70 


Ay  •  0 
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TABLE  12 


LEFT  FOREARM 


Local  toforoato  *m 

2  Mil  -  vector  fraa  left  'elkee  canter  to  tM  left  arm  cm  Ur. 
Y-2  piano  •  iMfll  Mrf  m  left  arttt  IlMIM  Mt*. 

X  Mil  •  T  a  2. 

Ortfia  .  (MUr  of 

Mga;  tool 

2  Mil  -  (tettr  Iren  alM r  ttyleio  to  rMi4ll. 

T  Mil  •  wnl  freo  2  Mil  to  rMIll  it/lol*. 

X  Mil  .1(2. 

Orlpin  -  «t  rMUle. 


Ufl  teeiale  -  at  to*  le*el  of  IN  eitul  lateral  eape  of  tM  elM*  urOMre,  aoomiaataljr 
tao.tkir«a  Of  tM  Pittance  fra*  tM  anterior  u  tM  pMtartar  daiim. 

Left  ulaor  St/leU  irocoti  M  in  l leave  •  eitul  aMial  aeye  «f  tM  am  cevertny. 

loft  leoial  ttylete  fracau  m  are  t leave  -  atttal  lateral  eeye  of  tM  am  cover  my. 

uft  La  tor  a  1  MMral  tpi corny U  -  pr  ajocttM  of  tM  lateral  aM  of  tM  loft  alka*  mu  to  tM 

tarface  covert op. 

uft  Maul  Macro  I  (pt coney I a  -  projection  of  tM  oaoial  #M  of  tM  left  elfea*  am  to  tM 

wrfaco  cevertnp. 

uft  ctfto*  Joint  Cantor. 

Uft  Nrlit  Joint  Cantor. 

local  tolerance  Met  (in)  Mataaical  Mat  (in) 


( 

V 

l 

X 

r 

l 

1. 

uft  laoiala 

•1.20 

-1.1* 

•  2.*l 

0.00 

8.00 

0.00 

Co 

uft  Ulnar  Stjrlaia  orocott  an  t  lee  to 

0.00 

1.11 

*.*2 

0.00 

0.00 

-l.u* 

Jo 

Uft  XMlal  Stjrlaia  Nceii  an  i  leave 

0.20 

•I. 11 

*.47 

0.00 

2.11 

-8.21 

*i 

Uft  lateral  Mere)  Cpiceneyle 

0.2* 

•o.*o 

-1.70 

l.tO 

-0.44 

0.4J 

*0 

Uft  NMial  Maori  1  IpfceMyle 

•0.20 

Q.fO 

•  i.M 

1-2* 

-2.24 

0.00 

•  • 

Ufl  CIOoo  Joint  Cantor 

0.00 

0.00 

-1.17 

1.42 

-1.12 

0.17 

Uft  Mrttt  Joint  Cantor 

0.00 

0.00 

4.07 

-o.to 

1.21 

-*.09 

Uft  foroara  Cantor  of  Sravtly 

0.00 

0.00 

0.00 

0.92 

-0.17 

-1.81 

Irantferaatien  fro*  local  tolerance  to  Me  .pica  I  fact 


f  0.98111  0.0*808  -0.1M4* 

V  •  C.IWI  -0.»**17  0.2*02* 

I'O.idm  -o.jnaa  -o.**io* 


ContKt  Cljiptoia  joeloeot  (in) 


X:,  1.77* 


2  *.*oo 


frincipal  tonantt  of  Inertia  (lot  .  tec*  -  mi 


«  O.U*t 


f  0.1  lit  t  0.00*9 


TuntfgMtjen  froa  >rlnctpal  to  Lece)  tolerance 


'  0.9**7e  0.00000  -0 

v  •  0.00000  -1.90000  0 

-0.022*1  0.00000  -0 


.022*1  ‘ 
.00000 
.***74 


rface  Character t ttlct  Coefficient!  tolatiniuaa  (lit)  to  Oaflactien  (in) 


*0  •  -2.1*710  A,  «  107.170  4;  •  -1U.H*  Aj  •  *04.014  I,  •  -1*0.170 
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TABLE  13 


*awa>3n 


RIGHT  HAND 


Local  ggfgrgc*  tow 

Z  uti  -  vector  fro*  tn*  rlfbt  arm  center  to  ettacarpele  HI. 
T -Z  plan*  «•  rlfbt  retlal  itytoi*  Koctst. 

X  Utt  -  V  x  z. 

Orifl*  -  center  of  gravity. 

4nate*icat  jw 


T  tilt  -  vector  fro*  ettacerpele  II  to  eetacarpelt  V. 

Z  uti  -  noraal  fro*  oactylton  to  f  utt. 

I  exit  -  T  x  Z. 

Origin  -  ot  intersection  of  f  on*  an*  tn*  nonti  patting 
inroad  eetecarpel*  111* 


SeRnont  liKwrtu 


1.  »1fbt  lotorol  Motet  of  betacarpel.Pbalanfeal  Joint  II  -  lateral  no*  of  too  location  aber*  otfit  II  attaches 

to  tut  pal*. 

Z.  Rlfbt  Lateral  Aspect  of  Anacarpal.PbaUnfeal  Joint  V  •  lateral  no*  of  tne  location  autre  etftt  V  attacnes  to 
tb*  pal*. 

3.  Rlfbt  Oectyllon  .  tl*  of  Otfit  111. 

4.  RlfOt  Metacarpal*  III  -  tee  of  tn*  be**  on  tut  back  of  tut  nano  representing  tnt  knecklt  of  Oifit  III. 

5.  RlfOt  Ulnar  Stylet*  Process  •  attial  orojtctton  of  tnt  arm  fleaio*  ant  to  tn*  terfect  ctrtrtnf. 

0.  Rlfbt  Raoial  Stylo**  Prxeti  •  lateral  projection  of  tn*  amt  flexion  aait  to  tn*  surfxt  covtrinf. 

7.  RlfOt  Ur  lit  Joint  Cantor. 


Local 

Reference 

to**  (In) 

.’tloelca!  Met  (tn) 

1 

r 

l 

t 

T 

l 

1. 

Ri*nt  Lateral  Atpxt  of  n-P  ft 

.».** 

I.J3 

:  -  31 

-  .00 

-I.Z0 

0.00 

<a 

RifOt  Lateral  to peel  of  n-»  » 

0.3Z 

-1.44 

.6* 

1.00 

1.32 

0.00 

Jo 

RlfOt  Oectyllon 

.’.83 

0.1Z 

’.14 

0.00 

0.43 

>3.88 

V  * 

Rifbt  Mtacarpale  III 

-0.68 

0.00 

1.64 

-0.7* 

0.00 

0.00 

Ja 

Rlfbt  Ulnar  Stylol*  Prxeti 

•0.88 

-0.88 

-’.22 

1.83 

1.84 

Z.45 

Vo 

Rijnt  RaeUI  Styloto  erocett 

-0.88 

0.88 

•  1.30 

Z.za 

0.00 

2.08 

/  * 

Rlfbt  urm  Joint  Center 

•0.88 

0.00 

><’.06 

2.08 

0.73 

2.27 

Rlfbt  Mane  Center  of  Va* ity 

0.00 

0.QC 

0.00 

♦0.84 

♦0.43 

0.40 

Transformation  fro*  txa)  Reference  to  Anatg*tt*l  Axes 

r  C.4457Z  O.JJJff  -0.78854 
»*.  *  0.Z7WJ  >0.33771  -O.ZIZOZ 
J.-o.7fia«  -o.ofMZ  -o.aojfa 

Stowtwt  Contact  tllinoi*  Soniatot  (in) 

I  1.900  ».  1.870  l  a SO 

utt ant  (ib«) 

I.Z1 

Rrlnc .pal  Ma»ntt  of  Inertia  jib*  •  >ec?  >*n) 

I:  0.0139  f.  0.0033  l  0.00)8 


Trarifpraat ion  fra*  principal  to  Local  aeferenc*  Met 


*LP 


0.85S8J  .0.03*11'  0.41838 
.0.00014  >0.30488  >0.08*04 
-9.41131  0.03703  -0.JS390 


Surface  Cnaracttrtitict  Coefficient*  A*!«un»  Lot*  iibt)  to  Deflection  (>n 

rrwTBrwn~»r"MfrnHi — ■ss^ — 1 - 1 — ‘ - L- 


4,  •  -4.0703  *j  •  >31.04*4  .  2384.47  *j  .  -10393.9  *,  •  13172.4  •  0 
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TABLE  14 


LEFT  HAND 


Local  ggorooco  *xti 

l  nil  -  vector  froo  tM  loft  «nit  cantor  to  ootacorpolo  111. 
T-2  plant  -  toft  ulnar  <  ;lol4  proem, 
i  axil  -i«I. 

Orlyln  -  c tutor  of  fraoity. 


r  am  -  voctor  froo  ootaearpal*  V  to  attacarpolt  il. 

2  axu  .  noroal  froo  oxtylfon  to  r  am. 

»  am  .til. 

Ortfin  .  ot  tntorooetloo  of  T  axil  ana  the  noroal  paitinf 
throofh  ootacorpolo  111. 


XV 


Loft  Utorat  Aapoct  of  Mtacarpal-Phalanpool  Joint  II  -  latorai  ito*  of  tho  Ixation  «*or*  diptt  11  attKhoi 
to  tho  palo. 

loft  Latorai  Motet  of  Mtaearpal-Phalanyoal  Joint  V  -  latorai  iido  of  tM  Ixation  ohoro  dijit  V  attxhot  to 
tho  polo. 

loft  Oactylion  -  tip  of  di|lt  111. 

loft  Mtxarpalo  (II  •  too  of  tM  Map  on  im  Met  of  tho  tana  roprotontiny  tho  tnxklo  of  olpu  III. 
loft  Oooial  Styloid  Proton  •  latorai  projxtton  of  tM  orlit  ftoxfon  axil  to  tho  lorfoco  covortny. 

Uft  ulnar  StylolO  Prxota  •  nooial  projxtton  of  tM  orlit  floxton  am  to  tM  mrfxo  covortny. 
loft  nrtat  Cantor. 

local  *oforoxo  Am  (tn)  Anatanical  Anei  (in) 


I 

T 

7 

I  T 

2 

1. 

loft  Latorai  Aapoct  of  h-P  11 

-0.44 

-1.14 

1.11 

e.oo  i.7o 

0.00 

7. 

loft  lateral  4apocl  of  h-P  » 

0.17 

1.44 

0.44 

0.00  -1.47 

0.00 

1. 

loft  Dactyl  ion 

7.11 

-0.17 

1.14 

C.00  .0.4) 

-).M 

4. 

loft  Mtxarpale  111 

•0.11 

0-00 

1.14 

0.74  0.00 

0.00 

4. 

loft  Rotiat  StylolO  Prxott 

-0.14 

•O.U 

-1.40 

-2.7C  0.00 

7.00 

6. 

loft  01  Mr  Styloit  Prxon 

-0.11 

0.M 

-7.77 

-1.04  .1.14 

7.44 

7. 

loft  Orlit  Joint  Cantor 

-0-11 

0.00 

•7.01 

-7.01  -0.74 

7.77 

1. 

loft  MOM  Cantor  of  Gravity 

0.00 

0.00 

0.00 

-0.84  -0.4) 

0.40 

Trantforoation  froo  ixal'  loforpoco  to  Anaignual  Mot 


’ -0.44477  -0. 

-0.77471  0. 
-o.tiiai  -o. 


])W  0.71*44 
93111  0.71707 
OHM  -0.10*4 


Sajgont  Contact  tHioioia  SooUxoi  tin) 
t:  1.000  f  1.170  2  1.440 

jaasi  nai 

1.74 

Principal  Mnonti  of  iMrtia  (IM  •  ix?  •  in) 

I  O.OllS  »:•  0.004)  2  0.00* 

traniforootlpn  froo  Principal  to  ixal  iUftronco  Ml 


0.14414  0. 
0.0*014  -0. 
•0.41111  -0. 


01411  0.411* 

ism  0.01404 

(9701  -0.14*0 


Wrfxo  Charxtonmci  Cooffioonti  Mlaim*  loot  Hot)  to  Ooflxnon  im) 

Hq  •  .4.0701  *,  •  01.0444  *j  •  7*4.47  4,  •  -10193.9  44  .  111*7.4 
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TABLE  15 


SEATEO  RIGHT  UPPER  LEG 


Local  Reference  A«ot 


2  axis  -  vtctor  free  rip it  dtp  joint  cooler  to  me  ngnt  tnee  joint  contor 
1-1  pi mo  -  right  lateral  feapral  condyle  on  the  tnign. 

Origin  -  contor  of  frovity. 

Analogical  Mil 


l  wit  •  vector  iron  lotoroi  foaorol  opt condyle  to  trochanterion. 

i  oxt5  -  nomol  frm  2  oxit  to  aooiol  foaorol  eel condyle. 

t  oxit  -1*1. 

Origin  -  ot  trochanterion. 

isessL  Undatrti 

1.  tight  TrxMnorion  .  on  tno  tcotoO  pelvit,  o  point  lotoroi  to  tno 
ngnt  nip  joint  contor. 

2.  Right  Utorol  foaorol  Condyle  on  Tnign  •  o  point  on  tno  inferior 
lotoroi  eege  of  tno  thi^i  covering  superior  to  mo  tnoo  out. 

3.  Right  MMiol  foaorol  Condyle  on  fnign  -  o  point  on  tno  inferior 
nedtat  edge  of  tno  tnign  covering  t  opener  to  tno  tnoo  out. 

4.  Right  Hip  Joint  Contor  -  loco  too  in  tno  tooted  point. 

5.  ttgnt  tnoo  Joint  Contor. 


% 


local 

taioronce  A»Ot  1  m| 

Snatoaicel  Vet  (in) 

i 

1 

2 

I 

r  2 

1. 

Aignt  frocnenterion 

•0.17 

3.92 

*9.36 

0.00 

0.00  0.00 

2. 

m g«t  Utere I  feaoro!  Condyle  on  Thigh 

0.16 

2.00 

1.91 

3.00 

0.00  *15.41 

3. 

ttgnt  Medial  feaeral  Condyle  on  Tnign 

0.23 

*2.80 

5.40 

0.00 

5.00  -15.48 

4. 

ttgnt  Hip  Joint  Center 

0.00 

0.00 

*9.96 

0.44 

1.06  0.12 

1. 

Sight  t«ee  Joint  Center 

0.00 

0.00 

6.16 

•0.20 

1.90  *16.28 

6. 

tight  l»per  Leg  Center  of  Gravity 

0.00 

0.00 

0.(30 

0.00 

2.78  *9.76 

Tr«ntforaotion  frm  Local  Poforpnco  to  Onotoalcol  Axot 


*4L 


o.mte  0.016U  -o.oihi' 

0.01170  *0.99275  -0. 11040 
-0.02142  0.11900  *0.90261 


Svgnont  Contoct  ClUptOtO  ionioxot  (t*J 
«:  2.950  1  1.010  2.  7.20$ 


Height  (lot) 

13.71 

frtnclpol  Honontt  of  Inprtlo  Mot  •  tec*  *  in) 
I  0.6092  »>  0.1934  2.  0.1061 


Tr«njfor»«tion  iron  Principal  to  loc«l  »yftronco  4«01 


V 


0.99740 
0.00009 
•0. 07201 


0.00006  *0.07200 
*1.00000  *0.00000 
0.00000  *0.99740 


Surface  Purtctorittict  Coefficient!  Predicting  io«dt  f 1 1> t }  froa  Oof  teuton  (in) 

front  of  fnign:  •  *0.2040  A,  •  14.1000  Ay  •  01.0360  Aj  .  *122.624  A4  .  98.7208 

tnoo  Ag  •  *0.0300  A,  .  2.2174  Ay  *807.341  Aj  .  .401.600  •  9  *s  •  0 


Aj  •  -29.0903 
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TABLE  16 

SEATED  LEFT  UPPER  LEG 


l  till  -  nctw  froa  I*  ft  nip  Joint  contor  to  too  toft  knot  Joint  coot  or. 
T*Z  piano  -  toft  tatorat  faaoral  coney' a  on  too  toijo. 

Orifln  -  contor  of  fraalty. 

Anatgrtcat  loot 

l  wit  .  «octor  fro*  tatorat  foaorot  apicondyta  to  trocOwttflon. 

T  oof t  -  Toctor  froa  aoOtol  foaorot  apt coney it  noraol  to  Z  wit. 

I  all  •  f  i  I. 

Orifln  .  at  troduatarlon. 


toft  Trocoontortaa  -  w  too  toatoo  tol><*.  <  faint  w  too  torfaco 
tatorat  to  too  loft  Off  joint  cantor. 

loft  Utorat  foaorat  CoNtyto  on  ThifO  -  a  win  w  too  inforior 
tatorat  oOfi  of  tot  toifft  eaoorinf  tuporior  to  too  knot  am. 

Uft  Mtat  foaorat  Cantata  on  Toifi  -  »  point  an  tot  inforior 
aaoiat  otot  of  tot  toifp*  covortna  tupertor  to  too  knot  am. 

Uft  Mp  Joint  Contor  -  loco  loo  In  too  soatao  pot««t. 
uft  knot  Joint  Contor. 


local  Oofaronco  Anaa  (in)  Anatealcal  tana  (in) 


t.  Uft  TroeOaotorlon  *0 

2.  Uft  Utorat  foaoral  Condyta  on  10190  0 

1.  Uft  aatlal  foaorat  Condyle  on  TOtfo  0 

«.  Uft  Hip  Jalnt  Cantor  0 

1.  Uft  Knot  Joint  Contor  0 

(,  Uft  UPtr  Uf  Contor  of  firatlty  0 

Tranaforaattw  froa  local  Oaftraact  to  Aneieaicai  tool 

f  0.99969  •0.01(16  >0.019611 


1 

» 

2 

1 

T 

2 

•0.17 

-3.92 

>9.M 

0.00 

0.00 

0.00 

0.16 

•2.09 

9.91 

0.00 

0.0" 

>14.41 

0.21 

2.19 

9.40 

0.00 

•9.IM 

-14.49 

0.00 

0.00 

-9.96 

0.44 

-1.40 

0.12 

0.00 

0.00 

(.46 

-0.24 

-1.99 

-16.29 

0.00 

0.00 

0.00 

0.v0 

-2.79 

-4.74 

'  0.99900  >0.01(16  >0.019(1 
A*.  •  -0.01170  -0.49275  0.11940 

-0.02142  >0.11909  -0.442(4 , 


I:  7.990 

yf  111*1 

11.71 

Principal  an 
1:  0.(092 
Tranafogatlj 


ct  lit  total 
T:  1.040 


l:  7.214 


t  of  Inert  1  a  (In  .  toe* 

:  0.9914  2:  0.1060 

ron  frincipat  to  local  *0 


0.99740  *0.00006 
-0,00009  >1.00000 
0.07200  *0.00000 


afftcianta  fraoutm 


front  Of  ItHfk:  Ag  *  >0.2944  Aj  •  14.1464  Aj  •  II. (Ml  A,  •  >122.(24  A,  .  90.7290 

Knot:  Af  *  >0.0160  A,  .  2.2174  A;  .  (47.149  A,  .  .401.(06  A,  .  0  (4*0 


•79.0901 
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TABLE  17 

STAN0IN6  RIGHT  UPPER  LEG 


local  Wtfwct  *nn 

Z  mii  -  rector  fraa  right  nip  joint  center  to  too  right  km  Joint  cantor, 
r ~l  plana  -  right  aaeial  Tenoral  coney  la  on  the  thigh. 

X  Mil  -  T  1  Z. 

Origin  -  cantor  of  grayity. 

knatonical  hw 

Z  Mil  -  rector  Iron  lataral  fonoral  tpi coney i«  to  trocnantanon. 

T  MU  -  dotmI  fron  Z  Mil  to  aMlal  fonoral  apIconOyla. 

I  Mil  -  T  1  Z. 

Origin  -  at  trocnantanon. 


1.  Hint  Trocnantanon  -  a  point  «n  tna  mrfaca  lateral  to  tna  right 
n.p  joint  cant or. 

Z.  light  Utaral  fonoral  Conoyle  on  taiga  -  a  point  on  tna  inferior 
lataral  e*ge  of  tno  tnign  core ring  trpenor  to  tna  km  mu. 

3.  Rifht  NMIal  fanora!  Condyle  on  Thigh  -  a  point  on  tna  infanor 
oaotal  ooga  of  tna  thigh  covering  superior  to  tno  km  anil. 

4.  light  Mp  mint  Cantor. 

1.  light  Cm  Joint  Cantor 


local 

nafaranca 

4»a*  ,'n| 

Inatahical  4aai  (ini 

t 

f 

Z 

1 

f 

Z 

light  Trocnantanon 

•0.4* 

3. *2 

•1.4* 

0.00 

0.00 

0.00 

light  lataral  fmral  Condyle  on  Thigh 

-0.10 

2.21 

a.  2* 

0.00 

0.00 

•14.04 

light  MMUl  fonoral  Condyle  on  Thigh 

0.00 

•2.90 

7.7* 

0.00 

1.1) 

•14.11 

light  Kip  Joint  Cantor 

•0.24 

0.00 

-7.2) 

0.44 

3.9* 

1.0* 

light  cm  Joint  Cantor 

-h.24 

0.00 

a. io 

-0.20 

2.12 

•14.92 

Hgnt  upper  Ug  Cantor  of  Gravity 

0.00 

0.30 

O.to 

0.31 

3.11 

-*.10 

Trantfomotton  frm  lata  I  jaforanto  to  teatonual  *n;i 


0.1 

4*1  •  0.C 

[-0.0 


0.01117  -0.0)170 
-0.W321  -0.11137 
0.114*7  -0.WZ11 


Saanant  Contact  Qlipioia  Sonianai  jin) 

I:  2.H0  T-  3.010  Z:  7.ZIS 
Malpht  (lot) 

II. M 

rnncual  aaSU  o»  Inartit  Uti  •  »«<*  •  i»J 

I  1.4414  T.  l.«H*  Z  0.11*1 
T ranifornatlan  froo  Principal  t o  local  lafaraott  Mat 


‘  0.17 JW  0. 11044  -0. 12244 
*,.  •  0. 20374  >0.17)31  0.1041) 

[.0.0W20  -0.1Z71S  -0. 1*411  . 

larfaco  Cnaractorinlci  CoafUc'antt  *olati*|  loop  jlti)  to  0»fi«ttu>n  (in) 

front  of  Thigh;.  Ag  •  .0.2*4*  4,  .  14. 11*4  kj  .  *1.13*1  *5  -122. 424 

MM:  Ag  •  -0.03**  *j  •  2.2174  kj  .  **7.341  4j  .  -401.40*  4,  . 


*1  •  1*. 729*  A,  .  -29.0903 
0  4^  •  0 
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TABLE  18 


STANOING  LEFT  UPPER  LEG 


k 


Locoj  gefognco  taw 


Z  tits  -  vector  fro*  toft  nip  Joint  contor  to  tlx  toft  knot  joint  conttr 
r-Z  plont  -  toft  applet  feaortl  condyle  on  tlx  tnijft. 

It  lilt  •  f  ■  I, 

Orijtn  -  contor  of  privity. 

jnotoortcol  kjti 

l  tils  -  vector  froa  totorpl  feaortl  ep>  condyle  to  troeMnterton. 
r  tits  .  vector  froa  aeotol  foaorot  oplcondjrto  noratl  to  Z  tits. 

i  tits  •  r  i  z. 

Orifltn  -  tt  trocltont prion. 

Segment  Hwdatrks 

1.  Loft  Troclxntorton  •  t  point  on  too  turftco  Itterol  to  tne  loft  nip 
joint  contor. 

Z.  le’t  uteri  I  foaorot  Condyle  o-  Tnipn  .  t  point  ou  tfte  inferior 
Itterol  oOoo  of  too  tntpn  covering  superior  to  tne  1*00  out. 

).  Loft  ftetot  foaorot  Condyle  on  Thtffi  .  0  po'nt  on  ttx  inferior 
aeotol  e#*e  of  tne  tntpn  covering  superior  tne  knee  out. 

4.  Left  Hip  Joint  Center. 

5.  Left  (nee  Joint  Center 


LOCtl 

leforence  A.-S  (ml 

knoloatcol  ties  (in) 

1 

* 

z 

1 

r  Z 

1. 

left 

TrocKontenon 

•C.tl 

•S.M 

-5.  *4 

0.00 

0.00  0.00 

z. 

loft 

Uterol  foaorot  Condyle  on  Tmpn 

•0.10 

-Z.Zl 

4.Z* 

0.00 

0.00  -14.04 

3. 

left 

NMlot  foaorot  Condyle  on  7*19* 

0.00 

Z.40 

7.7| 

0.00 

-4.13  -14.15 

4. 

left 

Htp  Joint  Center 

-0.Z4 

0.00 

-  7.Z1 

0.44 

-3.44  1.08 

5. 

Loft 

(nee  Joint  Center 

-0.J4 

0.00 

8.40 

-o.zo 

-Z.IZ  -14.4Z 

*. 

left 

Upper  Itp  Center  of  Crtiity 

0.00 

0  90 

0.00 

0.34 

-3.15  -*.10 

fronifproation  froa  LOCQl  »«>ervnce  to  toptoausi  kies 


f  o.4**oz  -0.01*37  -0.03470  1 

*».  •  I  .0.014*7  -0.443ZI  0.11537! 

[-0.041*7  .0.114*7  -0.44Z53  J 

Segment  Contoct  CIHpsnid  Seeloiot  ' 

I  Z.4S0  »  3.050  Z  7.ZI5 


19.4* 

Prlnclpol  Woaonts  of  Inortlt  (l»S  -  ■  '(j 

I.  1,44*4  T  1.44*4  Z  0.14*9 


Tronsforaotton  froa  Prmciptl  to  Uxi  I  »of*ron<e  t.«s 


'  0.43344  -0.140**  -0.IZZ4* 
0.20374  -0.43334  -0.10443 
•0-044Z0  0. 12314  -0. 44*41 


5ur«oce  cntroctertstltt  Coefficients  Oglitinp  Loo*  jus)  ta  ao«lvction  jin) 

front  Of  TM*n  *„  •  -O.Z844  A,  •  14.1***  A?  •  81.43*9  *j  •  -1ZZ.SZ4  A,  •  4*  ’Z9S  A*  •  -Z4-0403 
(nee-  *c  •  -0.03*4  *t  •  Z-Z134  •  8*7.  345  *j  •  -401.40*  *»  •  0  A*  •  0 


I 
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TABLE  19 


RIGHT  LOWER  LEG 


<1  Www  *jj> 


Z  Mis  •  rector  fro*  r1«kt  Uh  Joint  center  to  the  rifht  enhle 
joint  coo  tor. 

T-Z  plsne  -  rifht  aeftol  f oners I  conSyle. 

I  M(S  -  T  t  Z. 

Orlftn  -  center  of  fruity. 

Anstoalcsl  fan 

Z  Mis  -  sector  free  sphyrion  to  tlblele. 

»  sols  -  roc tor  froa  Inters!  atlleolos  seres 1  to  Z  oils. 

*  MlS  -  T  X  Z. 

Ortfln  -  ot  tlkislo. 


Rifht  Tlkislo  •  St  too  lose)  Of  too  Infort  or  00fO  Of  the  Mot 
HerOns  re,  t  point  on  too  enlero-aMlel  sorfsco  of  the  loner  lof. 
Rifht  Lotorol  Nilloolos  -  too  lotorol  projection  to  the  coseriof 
sorfoco  of  tho  on* lo  ftoilon  oils. 

Rifht  Sphyrion  -  tho  atoisl  projection  to  tho  coserlnf  torfoco  of 
tho  onklo  floilon  oils. 

Rifht  Lotorol  foaorol  Coneyle  -  tho  lotorol  projection  to  tho 
coverlnf  sorfoco  of  the  rient  knee  oils. 

Rifht  HMtol  foaorol  Coneyle  -  the  ntoiol  projoctlon  to  the  coserlnf 
sorfoco  of  tho  rioht  knee  oils. 

Rifht  knee  Joint  Center. 

Rifht  Mole  Joint  Center. 


tocol  Reference  Arts  im) 
I  »  Z 


Anetontcsl  Aset 


Rifht  Tlkislo 

0.00 

-2.27 

-4.01 

0.00  0.00 

Rifht  Utersl  Nslloolus 

•O.lf 

l.)l 

f.f) 

0.00  -2.8) 

Rifht  Sphyrlon 

-0.IS 

-1.42 

f.ti 

0.00  0.00 

Rifht  Lotorol  feaorel  CenSylo 

-0.2S 

2.7) 

-4.2* 

-0.31  -S.04 

Rifht  Neels!  foaorol  Consyle 

•O.lf 

-2. If 

-4. SO 

-0.21  0.3) 

Rifht  (nee  Joint  Center 

-0.20 

0.00 

-4.74 

-0.27  -2.J4 

Rifht  Ankle  Joint  Center 

-0.20 

0.00 

f.tt 

0.00  -1.42 

Rifht  Loner  Lof  Center  of  Grssity 

0.00 

0.00 

0.00 

0.00  -2.01 

tfogstjoh  iron  Locol  Reference  to  Anstoalcsl  Met 


o.ftffi  -o.oooof  o.oims 

-0.00070  -O.tfOM  0.0S141 
0.01M2  -0. Of  142  -O.fffff 


«:•  2.1ft 


Ct  tl I IpSQlQ 

Z.OSO 


l  ».?f0 


frlMlPOl 


of  Inorttp  n»s 


I:  0.1701  »:  0.47*f  2:  0.0M7 

Tronsforhstlon  fron  Rrinciesl  to  Lxol  Reference  ins 


' O.fffff  0.00002  0.0JJ22 
A.,  •  0.00002  -1.00000  0.00000 
1  .0.0)322  0.00000  -O.fffff 


srsctorlstU 


fflclpntl  RoUtln 


{Iftilo  Osflectto*  !in| 


front  of  Coif:-  A,,  •  -0.7*7  *l  *  24.7f«< 
leek  of  Coif:  *<5  •  0.07702  »|  •  2f.4lS4 


A;  •  3. f 157  A]  •  29.040  A4  •  o 


Ay  •  -2. 001* 


T«L£  20 

LEFT  LOIO  LEG 


lecel  Mfareace  «— » 

l  all  -  Met or  f*m  left  mm  jt«t  c eater  u  Me  left  eMIe 

Jem  Mr. 

»-Z  piM  •  left  Mitel  ImmI  cv%'«. 

ImH-IiL 

trifle  -  tMV  ef  fall/. 


2  all  -  Meter  free  iMyrtea  te  t'btele. 
r  eats  -  nerael  ta  Z  eais  te  leterel  mIImIm. 
i  all  -  r  i  2. 

Drift.  .  M  ttbiele. 

SeigMUafyte 


1.  left  Ttbiele  -  et  Me  leMl  ef  ue  inferier  up  ef  tee  Mm 
>vaw.  .  yeiet  m  tM  eetero  Mitel  tarfece  ef  tee  Icmt  ley. 

2.  left  leterel  Ml  lee  In  -  tee  leterel  prejectlM  te  Me  cererlf 
tarfece  ef  Me  eMIe  fletiM  Ml*. 

3.  left  iMjrrten  -  tee  aeiiel  erejectlaa  te  tee  cevertnf  tarfece  ef  Me 
eMIe  fleatea  eatt. 

4.  left  leterel  fMerel  Coneyle  •  tee  leterel  prefect  lea  te  tee 
cevertnf  tarfece  ef  tee  left  knee  eatt. 

5.  left  Mitel  Feaerel  Coney  1#  .  tee  eeilet  prejecttM  te  tee  covering 
tarfece  of  tee  left  knee  eatt. 

8.  left  MM  Jetet  Center. 

l.  left  Male  Jetet  Center. 


1 


local  Mfereece  *»et  tin)  Meteaicel  Aaet  (in) 


A 

t 

i 

1 

T  t 

left  Ttbiele 

0.00 

2.22 

•  4.01 

0.00 

0.00  0.00 

left  leterel  Mlleelat 

•0.14 

•1.31 

4.43 

0.00 

2.83  -14.80 

left  iMyrien 

-0.14 

1.42 

1.61 

0.00 

0.00  -14.84 

left  lateral  feaerel  Ceneyle 

•0.24 

-2.23 

-6.24 

-0.J1 

4.08  0.12 

left  Mitel  feaerel  Coneyle 

•0.14 

2.81 

-8.40 

-0.21 

-0.33  1.41 

Left  mm  Jetnt  Center 

•0.20 

0.00 

•8.24 

-0.22 

2.38  1.61 

left  Anele  Jetnt  Center 

•0.20 

0.00 

1.64 

0.00 

1.42  -14.26 

left  leaer  lei  Center  of  Brevity 

0.00 

0.00 

0.00 

0.00 

2.01  -4.12 

Trentfereetlo*  free  lecel  defereece  te  AnatMitel  Met 


V 


*0.11111  -0.00001  -0.01134 
*0.008/8  -0.11088  0.04141 
•0.01332  *0.04142  -0. 1*141 


Seeeent  Centac*  CHigteii  leantet  ( t») 
*:  2.1*»  t-.  2.030  2-  1.240 


1.14 

i,i  li?»  •  ad  -  *2i 

I:  0.1202  »:■  0.4244  2:  0.0112 


Tree**  raet ten  free  frtwcieel  te  lecel  Aeference  Met 


*lf 


'  O.mej  .0.00802  0.03322 
•0.00002  *1.00000  0.00000 
0.03322  0.00000  -0.11144 


*****  cefrecterlttUt  CeeiMdeett  «ti«ti»i  leaf  (ittl  te  Olflectlee  tie) 


Trent  of  Calf 
8eck  ef  C* 1 f ; 


*0  •  -0 .2382 

*0  •  0.02202 


*1  •  28.2140 
*[  •  21.4148 


Aj  •  3.1182  A]  •  21.040  A« 

Ay  •  *2.0808  Aj  •  0  Af  •  0 


0 

*4 


Af  *  0 

0 


Uo 


s 


at 


ur 


TABLE  21 
BIGHT  FOOT 

ttt  I  «ls.  Mt»  tH  irtfto 


Z  MIS  .  SI  racial  uttr  ml  U«W  gtsaa  taw 

*y  MUUrssI  I.  MUUrsal  f.  MS  gastarisr  mIchimi. 

i  Mis  •  MCtar  ffM  »m  tartar  talc . .  U  asratll/  grajaetal 

MtlttM  ¥  us  II  m  U1  »•  ms. 

»  Mis  -  2  ■  I.  _ 

Orlgla  -  at  US  latarMCtlM  af  tha  1  Mis  MS  tH  ml  pass lag  * 

llniS  MUtsrssl-sMlMfs  1. 


sc  vm 


¥  gravity. 


SHU  UaSatftS 

1.  light  httatartal-hhalaagval  Jaiat  1  -  S  Saifs  M  tkt  aasul  t*St  af  tht  lost  MfwIHil;  2  lncW 
trm  urn  fraat. 

2.  light  hastartx  CiIcmmi  -  tus  gaitxix-aast  Mint  m  Vm  fa ot,  aaxaa laataly  1  lath  ahava  tha  Ml*. 

3.  Il^tt  HaUtarsal-lhalaagMl  Jaiat  »  -  I  bvtgi  M  tkt  Utiri:  ttM  ¥  tkt  favt  apxaalaataly 
2  1/2  1 achat  fraa  tkt  fraat. 

4.  light  Tm  II  -  tkt  aatarlx-aatl  »ai«t  m  tkt  fast. 

4.  light  toil*  Jaiat  Caatx. 


Lacti 

tyffraaca  hit  (ik) 

Xnatoalcal  hn  (la) 

1 

» 

2 

l 

» 

2 

1. 

U0K  httatarsal-lhalaagaal  Jaiat  1 

3.44 

-1.42 

0.44 

0.00 

1.42 

0.00 

2. 

light  hntxtx  Calcaaaawi 

-4.21 

0.00 

0.44 

-4.14 

0.00 

0.00 

3. 

light  HK4t«rs4l-HMlMgMl  Jaiat  4 

3.44 

2.04 

0.44 

-0.43 

-2.04 

0.00 

4. 

light  Taa  II 

4.44 

0.00 

0.14 

2.01 

0.00 

0.3) 

4. 

light  4akla  Jaiat  Cm  tar 

-2.12 

0.11 

-1.44 

-4.11 

-0.11 

2.04 

4. 

•l*t  Faat  Caatx  ¥  Sratlty 

0.00 

0.00 

o.oo 

-3.44 

0.00 

•0.40 

1.0 

0.0 

0.0‘ 

• 

0.0 

-1.0 

0.0 

Lo.o 

0.0 

-1.0 

Traasfxaatlsa  trm  iat«l  Mxsact  to  lagtMlctl  jm 
*«.  • 

ItSMut  Cxtatt  CIMssais  Staum  (la) 

I:  4.M0  1.  1 .471  2:  1.473 

2.74 

IrlhtlMl  »<Mthtl  of  lagrtH  dhl  -  t«C*  -  Ik) 

X:  0.0047  T:  0.0424  l,  0.0441 
Tftw.fXMtlM  fr M  Iflaclatl  U  Uttl  lafxaaca  last 


*14 


0.44444  -0.044)0  0.14044 
0.01444  -0.42414  -0.344)4 
0.14421  0.34442  -0.414)2 


4xftca  ChtrtcttrlUlci  CatfflclMtt  liUtlat  U4S  d»)  to  OtflKtix  (it) 

*0  •  -0.4404  «i  •  42.7443  4;  .  -704.172  4)  •  3)47.10  A«  .  .4470.44  Ig  •  3144.30 


HI 


TSLE  22 
LEFT  FOOT 


Ucal  Mgjag»  *g 

kKaNO)  M  nUM  W*  «r«N  ttt  I  Mil.  «*»  Ott  artyla 
at  tat  caatar  af  n»it>. 


Z  aatt  -  atvtrl;  OMtu  atctar  anil  ta  tat  t-v  alaat  faraa 
IT  aatatanat  I.  attatanal  «.  aa*  yascariar  eatctattat. 
t  arts  •  «actar  ha  tastartar  tiltMM  tt  aaratlljr  yrajactt* 
ya*H‘M  af  taa  II  m  1-1  flat, 
f  arts  -  It  L 

Qriyta  •  at  tkt  latarsacttaa  at  ttt  I  «a<s  aat  ut  aaratl  Mislay 
tHa»  Mtatarul-faalMft  I. 


Saaaaat  1 1 stasis s 


1.  Uft  Mtatarsai-ftalaayaal  Jatat  I  •  a  talys  aa  tat  aatiat  » <ta  at  taa  faat  syyrMtaataly  2  lacaas 
traa  taa  ftat. 

2.  laft  festartar  Calcaataas  -  tat  aaiunar-MSt  »a'«t  m  taa  faat.  «aawi«UI|  1  Inch  taa  taa  sala. 

3.  laft  NKatarsal-ftalaataal  Jatat  »  -  «  toly*  aa  taa  Utarsl  il«a  af  taa  faat  aaaroalaauly 
2  1/2  lacaas  fra*  taa  fraat. 

4.  laft  Taa  II  -  taa  tattrtar-aast  aa"*  aa  taa  faat. 

4.  Uft  Aakta  Jatat  Caatar. 


1.  laft  NKstarsal-*halaayaa1  Jatat  I 

2.  laft  Mas  tartar  Catcaaaan 
).  Laft  lattitrstl-toalaaycal  Jatat  f 
4.  uft  Taa  II 
4.  laft  Aat la  Jatat  Caatar 
4.  Uft  faat  Caatar  of  Grant; 

Traasfaraattaa  frta  local  Aafggta  to  Mat  oat  cal  Aaas 


Local  Atfaraaca  Aaas  (ta)  Anatoatcal  Aaas  (la) 


I 

f 

2 

I 

T 

2 

3.44 

1.42 

0.44 

0.00 

-1.42 

0.00 

4.21 

0.00 

0.4S 

•0.14 

0.00 

0.00 

3.44 

-2.04 

0.44 

-0.43 

2.04 

0.00 

4.44 

0.00 

0.14 

2.01 

0.  1 

0.33 

2.12 

-0.10 

-1.44 

-4.11 

0.10 

2.04 

0.00 

0.00 

0.00 

-3.44 

0.00 

•0.40 

1.0 

0.0 

0.0 

0.0 

-1.0 

0.0 

0.0 

0.0 

-1.0 

Saaaaat  Caatact  tlltasau  laatnat  ( t«) 
I:  4. SOO  f:  1.474  2  1.474 


aigmssi 

2.74 

frtitclMl  ttwaatl  of  latrtu  (las  -  tat*  • 

»:  0.0047  f:.  0.0424  2  :  0.0441 

Traatforaattaa  fraa  frt<*t»a'  to  local  4af»raa<s  4,tt 

[0.44444  0.044  JO  0.14044 

-0.01*44  -0.42414  0.344)4 

0.14421  -0.34442  -0.414)2. 

Sorfaca  Oaractartittci  Coaftictaatt  Aalattas  Uaf  Dm)  ta  Ostlscita*  jin) 

*0  •  -0.4404  A|  •  42. 7443  •  -704.172  Aj  .  )3*7.t5  l*  •  -4470. 44  A*  •  3100.30 
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TMLE  23 

SEATED  PELVIS  UITH  SPIRE 


lacel  i cfareact 


•MS  If  M  iMTtUI  t«t  M  «<t»  OS  erlfln  M  tH  (MIT 
If  ftlttf. 

jMtjtel  Ants 

T  salt  -  aactar  frm  rtf K  aatariar  uurlar  Iliac  (#'*•  U 
Ml  aatariar  sajarlar  Iliac  wM. 

Z  arts  -  aaraal  frae  sya*jHea  u  f  arts. 

1  axis  >1x2. 

Oriyia  -  at  latarsactlaa  af  r  axis  sag  tka  aaraal  ta  tt 

passing  tkraafi  tka  pastartar  separlpr  Iliac  ai«S4iM 


Si— t  I Mgaarts 


1.  lift  Aatariar  $ atari  or  i:  <ac  Same  '*SIS>  -  a  pa  i pea  it  protrusion  at  tax  n&t  aatariar  superior  cora«r  of 
tia  internal  fraaewer*. 

2.  lafl  Aatariar  Super  ler  Il<ac  Sgiaa  !*S!S)  -  a  petpeale  protrusion  at  tie  left  aatariar  superior  comar  of  tic 

lataraal  fraasaart. 

3.  Sypi/S* aa  -  on  tie  front  of  tat  pains,  a  paint  canto  tie  j  act'#"  af  tic  tnifis. 

4.  foster  tar  Smarter  Iliac  meso'ae  -  <•  tea  posterior  ataitaa.  a  point  at  tna  latte)  of  tie  Moor  af  tic 
petals. 

5.  Uft  Trackaatcrioa  *  a  Mint  a"  tie  palm  surface  lateral  ta  tie  left  nip  joint. 

It  fit  Trockantenaa  •  a  pome  on  tie  palais  surface  lateral  ta  tie  rijnt  up. 

7.  Left  Up  Joint  Center. 

§.  ’*9-11  1*0  Joint  Center. 

1.  Palais  X  tec  mart  Center  -  center  of  tie  pUtc  Mien  ettacnas  tie  t  Mir  spine. 


Local 

lefe'ence 

»«es  ;in) 

4netoa>cal  4xes  ;in) 

i 

i 

l 

i 

r 

2 

l. 

Ilf*  4SIS 

.'.44 

4.87 

-1.42 

0.30 

•4.44 

3.30 

2. 

i#ft  4SIS 

2.44 

-4.87 

-1.42 

3. 30 

4.04 

0.30 

1. 

S/Mkytlen 

4.41 

1.00 

3.11 

J.» 

3.00 

-2.77 

4. 

fastener  Superior  Iliac  "inspme 

-1.41 

3.00 

-3.1S 

-a.14 

J.JO 

4.32 

S. 

left  Tfociantenon 

1.31 

-7.2) 

1.11 

-«.J4 

’.24 

-0.40 

4. 

Atfit  Troclanterton 

3.11 

7.21 

1.11 

-4. 34 

-7.24 

-0.40 

7. 

lignt  Hip  Joint  Center 

3.12 

•  i.;s 

l.U 

-4.J2 

us 

-0.41 

4. 

Left  Hl»  Joint  Center 

0.12 

3. IS 

1.11 

-4.J2 

-US 

-3.41 

4. 

felais  4ttaciaent  Center 

1.42 

0.30 

-4.12 

3.13 

0.30 

0.33 

10. 

felatf  Center  of  Jrealty 

0.00 

0.30 

0.30 

-1.12 

1.30 

0.77 

Transformation  'ram  local  leffrence  to  inetaaical  lies 
C  3.13420  0.30000  -3.70401  1 

**.  a!  0.00000  -1.00000  0.00000  1 

|_-0.7Q4C1  0.30000  -0.70420  j 

Scjaant  Contact  CH'pto*4  Ceniuas  (mj 
V  S.000  1.  7.IM  2  4.400 


ne tarn  (las) 

14.11 

frtncipel  Upaoats  of  inertia  (las  -  sec*  ■  m) 
I:  2. SIM  f:  1.4110  2  Mill 


Trensfornattgn  true  Principal  ta  Cecil  inference  »iet 


0.42044 

0.00000 

0.S7144 


-0.00004 

•1.30004 

•0.00004 


3.S7141 

-0.30001 

-O.8204S 


Surface  OeMfttlen  Cnarac t»r attics  *< 1 lUt i«s  Ual  1  i»t)  >r»c  Oafifctlan  [l»l 

I.  f rent  af  IMnaln.l  Insert  I,  •  -0.IJSH  4,  .  1,17421  4,  .  21.111$  4,  .  -24.)ll»  I*  •  11.7444  ^  .  0 
1.  feilfr tar  felatr  *0  •  -0.7SMI  4,  •  IS. I0SS  »j  •  40.0JS4  4 j  •  -12.1441  4,-0  •  0 


IM 


TABLE  24 


STANDING  PELVIS  KITH  SPINE 


local  6oforOOt»  IjB 

hn  of  M  Inertial  tMt  tw  irttl  UW  or'fln  at  (A*  wHr 

•f  KWU/. 

jaetealcfl  »W 

f  mi  -  ncur  frae  rlpet  anterior  Mttritr  iliac  iflut  te 
left  eatprter  pvperior  iliac  spine. 

I  •>«»  -  acttf  free  impartial  ami  u  f  wit. 
i  wit 

Ortpla  •  <t  tacemctiw  ef  r  wit  atf  me  ami  to  it 

Mfliop  tar—m  »t  petterler  superior  mac  aiptpine. 


Seoaent  Lwmrti 

I.  it  pat  Wtorlor  Sopor ’or  |1  toe  So'oo  (MIS)  -  <  palpebl*  protrusion  ot  too  npat  m  tor  lor  tuporlor  comer  of 
tN  lotomol  f rwaiort. 

7.  Left  W  ter  lor  Superior  II  ipc  Spine  (MIS)  •  o  pelpetle  protrusion  ot  tne  left  onterior  toper  i  or  comer  of  the 
internal  Irnmtn . 

).  Sywhyt'oe  -  the  center  of  *  toft  cover  protms’on  ot  o«tero.  infer ’or  torfoce. 

4.  opt  tenor  Superior  (Hoc  *ietpiw  .  to  the  posterior  o.olino.  o  poi"t  ot  the  level  of  the  floor  of  the 
pelvis. 

5.  Pifht  hip  Joint  Center  -  the  center  of  o  plane  covering  the  turfoce  of  tne  njnt  hip  t octet. 

4.  Left  nip  Joint  Center  .  tne  center  of  o  plane  covering  the  turfed  of  t*e  left  nip  socket. 

;.  Pelvis/Tho ree  Pttechaant  Center  .  tm  center  of  tne  plote  on  the  luaaer  tp’ne  uhich  <1  tec  net  the  point  one 

thorn  setae ntt. 


Local 

Atforence  Ants  (i«i 

Anatoalcel  Anel  (in) 

I 

» 

2 

l 

f 

l 

l. 

»iqht  AS1S 

3.16 

4.62 

-2.25 

0.00 

-4.66 

0.00 

2. 

Left  MIS 

l.M 

-4.87 

-2.25 

0.90 

4.86 

O.Of 

1. 

Spaphysien 

4.61 

0.00 

0.64 

0.00 

0.00 

-1.63 

4. 

Posterior  Superior  IHec  hiosp'ne 

•Ml 

0.90 

0.26 

-6.80 

0.00 

2.45 

S. 

Ityit  Hip  Joint  Center 

1.15 

1.10 

2.01 

-A. 24 

-1.26 

-1.44 

6. 

left  hip  Joint  Center 

1.15 

-1.  JO 

2.01 

-A.24 

1.28 

-1.44 

7. 

Pelvis/ Thorpe  Pttochapnt  Center 

-0.67 

0.00 

-4.24 

-0.52 

0.00 

5.64 

9. 

Nlvls  Center  of  Grevitp 

0.00 

0.00 

0.00 

-4.02 

0.00 

0.45 

frensforaetlon  froa  lace]  inference  to  Wetoaicel  Met 


’  o.mrt  o.ooooo  0.44313 

*4,  •  0.00000  -1.00000  0.90000 

[-0.64111  0.00000  -  0.16476, 

So  went  Contact  Cl  Upson  Semeiet  (in) 

I-  i.in  f  7.  US  l  4.600 

eel Wt  (Its) 

74.57 

Principal  hparntt  »f  Inert’e  (let  -  tot?  •  in) 

I:  0.6674  It  0.7741  7  0.4454 

Irentfpmotipn  free  Principal  te  L»c«l  Afferent;  *eet 

f  -0.74421  -0.00001  0.40614  ' 

A,,  •  0.00000  -0.44444  0.00000 

t  0.40617  0.00007  -0.74511, 

Surface  CherKtpntt  its  Curve  Preoictmt  Low  (its)  fmo  Deflect 'on  (in) 


1.  Ant  trier  Akoeamal  Insert.  Aq  •  -0.11414  4(  .  1.57414  Aj  .  24.1675  *}  •  -24.1117  44  •  lj.7604  ^  •  0 

2.  Posterior  Pelvis:  Ag  •  -0.75656  A,  -  14.1045  *;  •  40.9154  Aj  .  -12.4664  44  .  0  *5  •  0 


TABLE  25 


SEATE0  PELVIS  WITHOUT  SPINE 


kn  «f  M  laartlal  UK  kaa  tiO  at  arlyla  at  tat  caatar 
af  yrarltjr. 

jaatagtal  km 

T  axis  .  tactar  fraa  rlf*  aatanar  lairtar  iliac  «a<aa  u 
laft  tatarlar  t taar.tr  iliac  vat. 

2  aal*  -  tartar  fraa  qtitrifa  aaraal  u  T  aai«. 

I  axil  -fa  L 

Ortyla  -  at  tatarsactlas  af  f  arts  sac  tat  aaraal  ts  H 

yasstay  taraa^i  tta  aascarlar  saaarlar  Iliac  aiasa'**. 


1.  SlyK  tatarlar  Saaarlar  lilac  Syiae  (ASIS)  -  a  aalMM*  Kttruiitfl  at  t*a  riyat  aatarior  wyartar  ceraar  of 
tka  tataraal  fraaaaart. 

2.  laft  tatarlar  Saaariar  lilac  S#iaa  (AS IS)  -  a  aalaatla  aratrviiar  at  taa  laft  abtartar  taytrtar  co rayr  «»  taa 
tataraal  fraaaaart. 

).  Syapaytlaa  -  aa  taa  fraat  af  taa  *al»»».  a  aa<*t  jmt  Man  taa  jactiaa  e r  tat  taiyns. 

4.  fa* tartar  Saatrtar  lilac  atatylt*  -  la  taa  aaitartar  ataitaa.  a  aat*t  at  tat  laaat  af  taa  flaar  af  taa 

yalrfi- 

i.  laft  Tracaaaiartaa  -  a  aat"t  aa  taa  yaWta  wr' ki  lataral  te  taa  laft  ait  Jc’at. 

(.  ttyat  Tracaaatarlaa  .  a  yatat  aa  taa  yalati  tsrfaca  lataral  ta  taa  n0it  aiy. 

7.  left  My  Jatat  Caatar. 

y.  llMt  ilia  Jatat  Caatar. 

1.  ftWit/Sytae  Attacaaaat  Caatar  •  caatar  af  taa  »!att  aatca  attaentt  taa  iwMar  ty«  to  taa  yalm. 

local  (aferaaea  tan  (ta)  Anatoalcal  tan  (ia) 


1 

* 

2 

I 

t 

2 

1. 

tMt  ASIS 

Jlh  ASIS 

2.M 

4.07 

-1.01 

0.00 

-4.90 

0.00 

C  a 

2.44 

.4.97 

-1.01 

0.00 

4.89 

0.00 

Aa 

SyaaAjnts* 

4.42 

0.00 

3.00 

0.00 

0.00  -2.94 

•  a 

fottariar  Suyartar  Iliac  tfiata'na 

-4.4S 

0.00 

-0.21 

-4.20 

0.00 

1.75 

laft  Tracaaatarlaa 

0.00 

-7.21 

1.24 

-4.lt 

7. IS  -0.72 

va 

Ityat  Tracaaatarlaa 

0.00 

7.21 

1.24 

-4.11 

-7.  IS  -0.72 

fa 

(teat  Ml*  Jatat  Caatar 

-0.1 1 

•1.IS 

1.24 

-4.12 

3.  *7  -0.72 

Ba 

laft  HI*  Jatat  Caatar 

•0.11 

1.  IS 

1.24 

-4.12 

-l.*7  -0.72 

»• 

faNtt/Syiaa  Attacaaaat  Caatar 

•2. IS 

0.00 

-1.44 

•4.SS 

0.00 

2.44 

10. 

A»1*H  Caatar  af  firartty 

0.00 

U.00 

0.00 

-3.14 

0.00  0.10 

Trawifaratttaa  fraa  local  Kafar 


0.70*20  0.00000 

v  •  0.00000  -1.00000 
-o.TOioi  o.oooeo 


0.00000  0.70101 
1.00000  0.00000 
o.oooeo  -0.70*20 


ta  AaataMtcai  t»! 

si 


Saaaant  Car  tact  ciltatat*  SgaUaas  (ta) 
l,  S.000  T  7.  US  2  *.*00 

aataat  (la*) 

*4.4* 

frumps*'  *aaatt  af  !"«rtU  (1st  .  tac;  •  ta) 
t:  2.4S7S  f:  l.m*  2:  1.2000 


l:  2.4S7S  »: 

Trtatfaraatiaa  fra 


riattasi  ta 


cal  gafaraaca  tan 


o.mn  -O.0H07  o.wot* 
-  -i.oam  -o.sswi  -•.•ill* 
4C.MM7  0.50010  -0 .7*012 


nrUBUill 


I.ILUIU-JIUJI 


1.  fraat  af  «*a  «Maata*i  latert:  Ag  .  -0.USW  *j  •  I.S7020  ^  »  24.197S  A}  •  -21.1117  i,  -13.7*01  ^  -  0 

2.  fat  tartar  ftlalt:  •  -0.7US*  A,  •  1S.10SS  »  *0.01S4  *j  •  -12.  *904  *4  •  0  ^  •  0 


TABLE  26 

STANDING  PELVIS  WITHOUT  SPINE 


*— a  if  M  < Martial  uu  few  »it*  M  ari^a  at  tat  cMtr 
a#  ftiltf. 

*a«t«— cal  1 

r  am  -  actar  itm  rtj—  aat *r+#r  t— an*r  iliac  spt—  U 
toft  aurw  *— *rt#r  mat  spin*. 

I  mu  .  —ctpr  fn—  tf— *p*<**  »— 1  ta  r  arts. 

X  ill] 

Ortft*  -  at  fatar—ctipa  of  *  uu  ana  t—  namal  ta  tt 

aauta*  t*r<m+  t—  aw  tartar  *— artar  iitac  atMatat. 


Tv'-hW 

!  N  u5: 

!  Sa 

A  -L 


1.  at  jut  4—*ri«r  Saparlpr  Iliac  Spin#  :  AS1S)  -  a  patpatla  prwrvstoa  at  ta#  ripst  aatarlor  superior  comar  o' 
taa  inumat  fra— wart. 

2.  Lpft  Xa tartar  Swparlor  iitac  Spir#  (MIS)  -  a  palpabto  pmmtto*  at  t—  toft  aatarlor  >— trior  com or  of  ta# 
internal  friaowort. 

1.  Sj— aytl—  .  tav  center  of  a  toft  co**r  prptrvuo*  at  aatara*Ufariar  tarfaca. 

x.  tot  tartar  Superior  |l  ik  ftiespia#  -  in  ta#  aottarlar  altl  t*o.  a  —  lat  at  t—  i#**l  of  ta#  floor  of  tnt 

Haiti*. 

5.  *’3ftt  H4»  Jo ' «t  Canter  -  ta*  ttatar  of  a  plan#  c  atari—  t—  snrfac*  of  ta*  ngn t  at*  tockK. 

6.  La ft  Nip  aoiat  C**ur  -  ta*  caatar  of  a  pla—  -io-ti—  ta*  turf*:*  of  ta*  toft  at*  soctrt. 

7.  a*ivif/5o'"*»  Mtt«a— at  Caatar  .  ta*  r*nt»r  of  taa  plat*  —  ta*  !«— ar  spin a  natca  attack*!  ta*  paltis  ana 
spina  s— *ts. 

Local  Xafamac*  Ski  (in)  Anato—cal  Haas  in) 


I 

f 

2 

I 

» 

i 

1.  »t*m  MIS 

3.28 

4.62 

-2.64 

0.00 

-4.86 

3.00 

2.  t*ft  «l$ 

3.28 

-4.62 

-2.64 

0.00 

4.86 

0.00 

1.  Sr— ftytlp* 

$.7$ 

0.00 

0.28 

0.00 

0.00 

-3.82 

4.  Hllrripr  Superior  ili*<  Hiespin* 

-3-48 

0.00 

-0.13 

-6.80 

0.00 

2.4$ 

5.  Plant  Hip  J«tnt  C*nt*r 
*.  L*ft  Hip  Joint  Cantor 

0.00 

3.26 

2.04 

-4.28 

-2.28 

-1.84 

0.00 

-3.26 

2.04 

-4.28 

2.21 

-1.84 

7.  Hltls/Spln*  Attack— nt  t*M*r 

-2. SO 

0.00 

-1.08 

•2.81 

0.00 

1.74 

6.  Hlils  Caatar  of  Crastljr 

0.00 

0.00 

0.00 

-4.22 

0.00 

0.08 

Traosfor— tloa  »r—  Local  a*f*r*nc*  t*  Xaat— leal  *i*S 

r  3,/iMt  O.OOOOC  -0.64X1 

**,  •  0.00000  -1.00000  0.X0M 

[-0.64X1  0.00000  -0.16X6. 

Si— art  Contact  ji  Upton  Sms  tits  (ia) 

I-  4.726  f  7.186  7  4.800 

jaueuiai 

21.81 

Principal  H— nts  of  inertia  (lot  -  tec*  -  m) 

I  0.9018  »  0,«)1  l  0.4*78 

'ransfar— tier  fm*  Principal  to  Local  jetortnc*  jag* 


0.7312$  0.00000 
0.00000  -t. 00900 
0.66200  0.00000 


0.66200] 
0.00000 
•0.7313$  J 


tofffc*  CaarKtarlstics  Curt*  Pr—ictin*  LOS*  I  las)  fr 


Iflactton  (in) 


t..  katart tr  AM—taal  Insert  Xj,  .  -0.13 $38  *j  •  1.87828  *t  »  24.367$  *3  *  -28.m/  *4  «  I 
t,  mu^or  Hills,  *Q  •  4.;«»  *J  •  }$.  10$$  •  40.03*6  •  -W.4684  *t  •  0  *<.  »  0 


i.  7608  Aj  •  a 


TABLE  27 


SEATED  UMAR  SPINE 


tartaric*)  «rt*  ratataa  UQ* 
(WW  ri  (TMltf. 


*.  wlta  Ut  artyla  at  t*a 


2  aata  -  «actar  frm  tta  tyiaa/palm  Jalat  cart  if .  t*  tt a 
Mtaa/ttara*  rttattaart  caatar. 

T  uft  *  aaraal  traa  tt*  M|K  Utaral  a**t  at  CM  t#«a*  Uaru 
ittutari  alata  t*  tta  2  aid. 

I  Mil  •  Tit. 

OrtfU  .  tftaa/tkarax  attattaart  caatar. 


1.  5*la#/TMr»i  rttacftaaat  Caatar. 

2.  5*l**/MWt  Jalat  Caatar  -  caatar  at  M*  MM  of  CM  rwaaar  ia'a*. 


1.  $*l*#/TMra«  «tt*caaa*i  Caatar 

2.  $ai*a/ta1*ti  Jaiat  caatar 

1.  Iwrtir  S*f*a  Caatar  of  Gravity 


Coca)  tataraaca  Mat  (la) 
t  f  2 

-0.J4  0.00  -t.it 
-0.11  0.00  2. SO 
0.00  9.00  0.00 


frm  lac*i  tafa 


ta  MitaaUil  Mat 


1.00000  0.00000  0.00000 

v  •  0.00000  -1.0C000  0.00000 

0.00000  0.00000  -1.00000 


at  Coatact  Cl Itnal*  Sulim  ((a) 


l:  «.77» 
Mflrtt  (1») 


Ys  1.100 


2:  4.000 


taataatcal  Mat  (ta) 
I  T  2 

0.00  0.00  0.00 

0.00  0.00  -1.12 

0.11  0.00  -2.1* 


trtacta*)  tagaatt  of  laartta  [lit  -  tat*  -  la) 

I:  0.0*12  *:  0.0111  l.  0.0201 

Traatforaattaa  fraa  gHatjaal  ta  ixal  tafaraac*  Mat 


0.17171  -0.11110  -0.071111 
-0.11177  -0.10142  40.00122 
-0.07111  40.0001*  *0.11721 J 


Utfaatt  tta  U 


tlaitan  -  210 
Citaattaa  -  210 
Utaral  -  140 


TABLE  28 

STANDING  UMAR  SPINE 


k»1  Ml  ratacaa  1*0* 

¥  fMttf. 


1.  Hiu  Ul  mfM  K  UM 


Z  MI*  .  vector  trm  We  aeiaa/Mlvts  kucmm  cm ter  ta  we 
WM/tt era*  UtMMt  CM«r. 
f  Ml*  .  aerael  frM  Z  Ml*  U  We  l«»t  Wft  *f  M  l#t*e. 

I  Ml*  -  »  a  Z. 

Orifla  .  at  CM  iuru  utmn  cmit. 


A* 

.-K 

4  ^ 


1.  Splaa/Tkeraa  ottacaaeat  Caatar  •  center  at  We  tap  »f  the  mMtf  tflaa  cyt later. 

Z.  Se*ne/*Wtt  HttOwm  Caatar  •  caatar  of  the  aattaa  of  We  water  tptae  cyltaaar. 


1.  Sa'aa/'Tkaraa  KucMM  Caatar 
Z.  Sa»aa/*al»it  *ttacMa«t  Caatar 
3.  Sptaa  Caatar  of  Gravity 


local  Deference  Aaat  (ia) 
t  f  Z 

0.00  0.00  -z.m 

0.00  0.00  Z.M 

0.00  0.00  0.00 


Deateetcal  teas  (in) 
I  T  l 

0.00  0.00  0.00 

0.00  0.00  S.1Z 

0.00  0.00  -Z.M 


Tranvferaatlea  trm  lacal  Deference  ta  jaataaical  kw 


f 1.00000  0.00000  0.90000  1 

>0.00000  .1.00000  0.00000 

[0.00000  0.00000  .1.00000  J 

Caatact  (lllatai*  Mat  ana*  (in) 


it  *.m 


1  4.000 


Principal  a 
«:•  0.0  IN 


of  Inertia  (lm  -  tec*  - 
0.01*0  l  0.0003 


Traaifpreettoa  free  Principal  ta  lac*)  jefereato  4aa« 


0.00000  0.00000 

•  1.00000  0.00000 

0.00000  .1.00000. 


flaatM  .  M 
Eitaatiaa  .  40 

lateral  •  00 


TABLE  29 
THORAX 


Uol  Mfsmact  Anus 


Z  ult  -  poctur  frua  «  pom  at  mo;  mmm  tM  tup 
*m  IMr  jnlnt  cMtin  u  tM  TMtm/ 
UuUor  SpiM  ittwaM  contor. 

T-Z  pl  mm  .  rlftt  sMnluor  joint  contor. 

lull'd  Z. 

drifts  -  cuntar  uf  frwlty. 

tutgjwl  AuM 

Z  Mis  •  weir  fr*M  tM  tMtS  ri»  ntpsp'M  to 
corvlcolo. 

I  Mis  -  noruol  frua  Z  Mis  to  tuprostornolo. 

T  Oils  -ZiL 

Orlflo  .  st  touts  rib  ads#***’ 


SiMU  luMirkS 


1.  Corvlcolo  -  o  point  on  tM  worn  J«»«  posterior  to  tM  posterior  nielino  of  tM  lonost  nock  riny. 

7.  Toots  110  l*14»plM  -  ot  tM  lo«ol  of  tM  loiMSt  no's  inferior  tope.  o  point  on  tM  posterior  otdlino  of  tM 
tMrOl  JOCktt. 

}.  Viprottomolo  •  o  point  in  botooon  tM  too  clovtcolo  torowo  Mlt  Mlot. 

4.  toft  SMolOor  Joint  Contor  -  tM  oldpolnt  on  tM  OMuetton  •  ooovctlon  OHS  of  tM  loft  SMolOor. 

1.  AlfSt  SMolOor  Joint  Conor  .  tM  alopomt  on  tM  obOwCtlon  .  ooooctton  oils  of  tM  rijat  Moulder. 

(.  TMroi/Mc»  Attoesnont  Contor  -  tM  contor  of  tM  tvrfoco  of  tM  lonost  ptoto  of  tM  nock  cplinoor. 

7.  TMro«/liu*or  Spine  Attoesnont  Conor  .  tM  contor  of  tM  swrfoco  of  tno  ploto  «nick  ottoeMs  tM  tnoroi  to 
tM  luMor  iplno. 


locol 

Mforonco  Anos  (in) 

Anotouicol  Anos  (in) 

I 

T 

7 

1 

s 

7 

1.  Corvlcolo 

-4.07 

0.00 

-4.4! 

0.00 

0.00 

17.11 

7.  T»m*  itb  wosptM 

-).)7 

0.00 

4.01 

0.00 

0.00 

0.00 

).  Ivor os torso It 

).74 

0.00 

-4.1) 

7.11 

0.00 

10.1! 

4.  loft  ISeulder  Joint  Contor 

•0.M 

-  7.  M 

•7.44 

7.17 

7.)4 

4.14 

1.  II1«M  SMvIOOr  Joint  Contor 

-0.84 

7.N 

-7.44 

7.17 

•7.J4 

4.14 

4.  TMroi/Mck  At  tot  Mont  Contor 

0.00 

0.00 

•1.14 

).)4 

0.00 

11.77 

7,  TMroo/Mivts  At  toe  Mon  Contor 

•0.11 

0.00 

1.41 

7.)4 

0.00 

0.00 

1.  TMrot  Contor  of  Srovttjr 

0.00 

0.00 

0.00 

3.4) 

0.00 

1.8) 

TronsforuotlM  frou  locol  Koforonco  to  Anotouicol 

Am 

0.W741  0.00000  -0.04711 1 

*Al  ’ 

0.00000  -1.00000  0.00007 

•0.04711  0.00000  -0.11741  J 

io—nt  Contoct  tllipsoiQ  Sonioio*  (in) 
Is  4. ill  ?:  i.100  7.  7.7H 


“t'JELiiili 

li.tt 

PrlnclPQl  Mount!  of  Inprtf  ()»>  .  toe*  .  in) 
«:  Z.4Z0J  T:  1.0117  7:  1.71)4 


TronsforuotlM  fru  Irlnclpol  to  Locol  Mforonco  Anos 


*11 


Q.944ZI 

-0.00004 

•0.01701 


•0.00004 

-1.00000 

-0.0000! 


-0.00701  ' 
0.00001 
-0.1M71 


Surfocs  CMroctorlstlcs  CoofflOMts  AoUtlos  tool  (Its)  to  OoMtction  (in) 


Met  of  IboulMr:  Ag  •  0.01441 
CMSt:  AgnO  At  •  1.44)17 


*1  •  -74.1100 
A*  •  7).44M 


Aj  •  »0.1l)  A)  .  -470.77) 
A)  •  0  At  •  0  A^  •  0 


*4  •  414.174 


A^  •  -104.711 
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% 

* 


IJVLt  JU 

NECK 


Util  IKifww  One* 

2  tail  »  nctir  fro*  1M  nock/****  joint  cantor  to  to* 
inferior  on*  of  to*  net  cjrllaoor  mi. 

T-Z  plno  -  rlfK  on*  of  tn*  nect/ftco*  joint  mi*. 

Z  Ml*  •Hi. 

Origin  -  cMttr  of  gravity. 

Ana topical  knot 

t  Ml*  -  noma  I  toctar  to  tn*  Mkjact't  loft  froo  tn* 
piano  for***  ky  cricel*  cartilage,  cervical*. 

an*  vnprMtamal*. 

I  Mi*  -  noraal  froo  Y  Mi*  tnro^'r  th*  at«pof"t  of  a 
lino  Mtnoon  toft  an*  rijnt  clavtcalo*. 

Z  Ml*  -  1  a  f. 

Orifln  -  at  cortical*. 


Si  am  at  lanonart* 


1.  Cortical*  -  a  point  on  too  tit ora*  jackot  notion er  to  tn*  aottortor  atopomt  of  th*  loaott  nock  ring. 

2.  ‘Mao'*  Ipplo*  •  anterior  nlppolnt  on  tn*  tmr*  nee*  ring. 

].  OKk/nta*  Jalnt  Cantor. 

a.  Htc*/Thoraa  Attacimont  Cantor  -  in*  center  of  tn*  turfac*  #1  tn*  lomt  plot*  of  tn*  nock  cjr  linear. 


local  Ooftronct  Am  (in)  Anatontcol  Am  (in) 


l 

f 

z 

I 

1 

z 

I. Cortical* 

-1.8S 

0.00 

Z.SI 

0.00 

0.00 

0.00 

Z.’Aoan'*  apple* 

1.77 

0.00 

0.JS 

S.S2 

0.00 

2.77 

l.Otck/Nao*  Joint  Center 

0.00 

0.00 

-2.04 

1.(5 

0.00 

S.IS 

4,n*c«/m#ra»  Attocnnont  Corner 

0.00 

0.00 

2.  K 

J.S0 

0.00 

0.10 

S.ktck  Cantor  of  Gravity 

0.00 

0.00 

0.00 

1.74 

0.00 

1.05 

Trantforootian  fran  Ucal  Otforpneo  ta  Anatanual  A«o* 


*At 


o.m» 

0.00000 

0.01747 


0.00000  0.01747 
•1.00000  0.00000 
9.00000  -O.YtDO 


jQonont  Contact  llltatan  S*nU«o*  (<») 
«:•  l.(7S  »•  1 .479  2>  1.000 


QHIt  (1M) 

2.(7 

nrlnclpal  Mnantt  of  Inertia  j!»  •  **tj  •  in] 
l.  0.0254  f  ‘  0.0257  Z:  0.0004 


Tron*for**t1on  Iron  frinciMl  to  Cecal  koftrmet  4m 


1.00000  0.00004  0.00100 
0.00004  -1.00000  0.00000 
0.00100  0.00000  -I. 00000 


la— nt  stlffngti  (m  H>/**H 

ft*!!**  .  IS 
fatontton  -  IS 
Utorol  .  10 


bO 


TABLE  31 


HEAD 


t.  Splllpn  -  ox  tup  brlpyp  <>t  tup  not#  PPtnPOO  to*  ojr#i. 

2.  DlfW  (nfrpprpttpl#  -  cpnttr  of  tnj  lpnpr  otfyt  Of  thp  rijn  tft. 

1.  Ilynt  Trpylan  •  on  too  ttdo  of  tfto  kooo,  «  point  on  o  tin*  ononpmy  rorttcilljv 


1  lock  «bo«o  th#  pit tor l or  ooyt  of  tKo  loatr  Job. 

4.  Loft  Trpylpn  -  on  tk*  loft  Off  of  t*o  noo4,  o  point  on  o  lino  oitonotny  wttcolljr 

t  inch  opovo  too  potior  tor  ooyo  of  too  loaor  jo*. 

4.  HooO/MKt  Joint  Conor. 

lotol  Hoforonc'  hot  [in)  Anotootcol  A**t  (in, 


■ 

» 

I 

1 

T 

2 

Sol  Hon 

J.S7 

0.00 

-0.24 

1.44 

0.00 

0.*2 

liynt  tnfroorpltol* 

1.26 

1.04 

0.47 

3.14 

•1.10 

0.00 

AiyM  Troyion 

0.12 

2.14 

0.47 

0.00 

-2.77 

0.00 

Uft  Troyion 

0.12 

-7.(4 

0.47 

0.00 

2.M 

0.00 

Noo4/4PCt  Joint  Contor 

-0.44 

0.00 

2.00 

-0.47 

-0.00 

-1.33 

non*  Conor  of  Gr*vity 

0.00 

0.00 

0.00 

-M2 

0.00 

0.(7 

Tronofomtlon  frpo  LOCOl  Mtronto  to  «Mf>lto1  A#tt 


1.0 

0.0 

0.0 

0.0 

-1.0 

0.0 

0.0 

0.0 

-1.0 

Havii  iiai 

I:  4.140  T:  2.074  2:  4.000 

*.*2 

Prixiwl  wnyntt  of  lipr^U  jlfcy  -_4**  •  \*) 

I:  0.1400  »:•  0.2170  2.  0.1*44 

Tronforttlon  fr#>  Pn^lypl  to  lotol  Mftrpno  <WI 

f  0.0*474  0.00011  0.44740' 

A,.  •  -0.00010  -1.00000  0.000(4 

[0.4*744  -0.0KMI  -0.0*474. 

Sarfoco  OnrntorntKI  jooffitiontt  Iplptinp  Loop  (lit)  to  Otflottipn  (in) 

Ay  •  7.4747  Aj  •  -»7*.*7»  ^.44*4.47  Aj  •  -0*41.11  A*  •  407*. 4*  A,  •  0 


15! 


2.2  CPS/ ATB  Model  Simulations 


2.2.1  Conversion  of  Basic  Data  to  CTS/ATB  Model  Format 

The  ATB  model  characterises  the  body  as  a  set  of  rigid  segments  linked 
together  by  joints.  The  seventeen  segments  and  sixteen  joints  chosen  to 
describe  the  Hybrid  111  body  are  listed  in  Table  32.  Also  in  the  Table 
is  the  chaining  scheme  in  which  joint  J  connects  segments,  j  +  1  and 
JCT(j),  where  JNT  is  an  input  parameter. 

TVo  ATB  data  sets  have  been  developed;  one  using  the  seated  manikin  and 
the  second  using  the  standing  manikin.  The  data  sets  are  identical 
except  for  the  lower  torso,  middle  torso  and  upper  leg  segments  and 
pelvis,  waist,  bip  and  knee  joints.  The  tables  in  the  following 
sections  contain  the  seated  manikin's  data,  and  the  standing  manikin's 
data  for  these  segments  or  joints  are  included  at  the  bottom  of  each 
table.  Where  data  were  not  available  from  this  study,  the  data  from  the 
Part  572  dummy  data  set  developed  by  Calspan  [8J  were  used.  The 
complete,  formatted  input  files  for  both  manikins  are  listed  in  the 
Appendix. 


2.2. 1.1  Segment  Characteristics 

The  ATB  model  requires  the  weight  and  the  three  principal  moments  of 
inertia  for  each  segment.  The  orientation  of  the  principal  axes  is  also 
required  and  is  specified  in  terms  of  yaw,  pitch,  and  roll  rotations 
from  the  segment  local  coordinate  system.  These  rotation  angles  are 
obtained  from  the  direction  tosine  matrix  for  the  transformation  from 
the  principal  to  local  reference  axes.  Table  33  contains  the  mass 
properties  for  each  segment  and  the  principal  axes  yaw,  pitch  and  roll 
angles. 
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TABLE  32 


Hybrid  111  Segments  and  Joint* 


SBGMENT 


JOINT 


Mo.  (I) 

-  Mob* 

fiVBbol 

Nase 

Segments  Joined 

1 

lover  torso 

LT 

No.  (J) 

Symbol 

JNT 

J+l 

2 

■iddle  torso 

MT 

1 

pelvia 

P 

1 

2 

3 

upper  torso 

UT 

2 

vaist 

W 

2 

3 

4 

neck 

N 

3 

neck  pivot 

NF 

3 

4 

5 

heed 

H 

4 

bead  pivot 

HP 

4 

5 

6 

right  upper  leg 

RUL 

5 

right  hip 

RH 

1 

6 

7 

right  lover  leg 

RLL 

6 

right  knee 

RK 

6 

7 

8 

right  foot 

17 

7 

right  ankle 

RA 

7 

8 

9 

left  upper  leg 

RUL 

8 

left  hip 

LH 

1 

9 

10 

left  lover  leg 

LLL 

9 

left  knee 

LK 

9 

10 

11 

left  foot 

LF 

10 

left  ankle 

LA 

10 

11 

12 

right  upper  are 

RUA 

11 

right  shoulder 

RS 

3 

12 

13 

right  lover  ani 

XLA 

12 

right  elbow 

RE 

12 

13 

14 

left  upper  at* 

LUA 

13 

left  shoulder 

LS 

4 

14 

15 

left  lover  era 

LLA 

14 

left  elbow 

LE 

14 

15 

16 

right  band 

RHD 

15 

right  wrist 

W 

13 

16 

17 

left  hand 

LHD 

16 

left  wrist 

LW 

15 

17 
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TABLE  33 


SBGMBfT  MASS  PROPERTIES 


PRINCIPAL  MOMENTS  OP  INERTIA 


SEGMENT 

HEIGHT 

(LBS  - 

SEC2  - 

IN) 

PRINCIPAL  AXES  (DK) 

I 

STM  PLOT 

(LBS) 

X 

Y 

Z 

YAH 

PITCH 

ROLL 

1 

LT 

5 

44.460 

2.4575 

1.2969 

1.2080 

-1.05 

52.68 

180.00 

2 

HT 

4 

4.890 

0.0612 

0.0593 

0.0205 

-11.08 

4.22 

180.00 

3 

UT 

3 

38.630 

2.6203 

2.0517 

1.7336 

0.00 

4.99 

180.00 

4 

N 

2 

2.680 

0.0254 

0.0257 

0.0084 

0.00 

0.00 

180.00 

5 

H 

1 

9.921 

0.1408 

0.2128 

0.1956 

0.00 

-26.58 

180.00 

6 

KUL 

6 

13.713 

0.6086 

0.5934 

0.1068 

0.00 

4.1 

-180.00 

7 

Bl.l- 

7 

7.237 

0.6708 

0.6745 

0.0397 

0.00 

-1.90 

180.00 

8 

RF 

8 

2.756 

0.0067 

0.0524 

0.0491 

-2.69 

-9.23 

-158.00 

9 

LUL 

9 

13.713 

0.6086 

0.5934 

0.1068 

0.00 

4.13 

180.00 

10 

LLL 

0 

7.237 

0.6708 

0.6745 

0.0397 

0.00 

-1.90 

-180.00 

11 

LP 

1 

2.756 

0.0067 

0.0524 

0.0491 

2.69 

-9.23 

158.00 

12 

RUA 

2 

4.597 

0.1025 

0.0997 

0.0110 

0.00 

-1.31 

180.00 

13 

RLA 

3 

3.800 

0.1191 

0.1128 

0.0069 

0.00 

1.31 

180.00 

14 

LUA 

4 

4.597 

0.1025 

0.0997 

0.0110 

0.00 

-1.31 

180.00 

15 

LLA 

5 

3.800 

0.1191 

0.1128 

0.0069 

0.00 

1.31 

180.00 

16 

RHD 

6 

1.290 

0.0115 

0.0093 

0.0036 

-2.35 

-31.09 

-175.60 

17 

LHD 

7 

1.290 

0.0115 

0.0093 

0.0036 

2.35 

-31.09 

175.60 

STANDING 

MANIKIN 

1 

LT 

5 

21.912 

0.8019 

0.6182 

0.4678 

0.00 

-43.00 

180.00 

2 

MT 

4 

2.661 

0.0196 

0.0196 

0.0083 

0.00 

0.00 

180.00 

6 

RUL 

6 

19.984 

1.4494 

1.4968 

0.1989 

11.08 

7.03 

173.90 

9 

LUL 

9 

19.984 

1.4494 

1.4968 

0.1989 

-11.08 

7.03 

-173.90 

TABLE  34  SEGMENT  CONTACT  ELLIPSOIDS 


SEGMENT  CONTACT  ELLIPSOID 


SEGMENT 

SEMI AXES  ( 

IN  ) 

CENTER  (  IN 

) 

I 

STM 

PLOT 

X 

Y 

Z 

X 

y 

z 

1 

LT 

5 

5.000 

7.  185 

4.800 

-1.000 

0.000 

0.000 

2 

MT 

4 

4.775 

6.500 

4.000 

1.000 

0.000  - 

1.000 

3 

UT 

3 

4.825 

6.500 

7.785 

0.000 

0.000 

0.000 

4 

N 

2 

1.675 

1.675 

3.000 

0.000 

0.000 

0.000 

5 

H 

1 

4.250 

2.875 

4.000 

0.000 

0.000 

0.000 

0 

RUL 

6 

2.950 

3.050 

7.285 

0.000 

0.000 

0.000 

7 

RLL 

7 

2.165 

2.050 

9.750 

0.000 

0.000 

2.000 

8 

RF 

8 

4.900 

1.675 

1.675 

0.000 

0.000 

0.000 

0 

LOL 

9 

2.950 

3.050 

7.285 

0.000 

0 .  ooc 

0.000 

10 

LLL 

0 

2.  165 

2.050 

9.750 

0.000 

0.000 

2.  OOC 

1 1 

LF 

1 

4.900 

1.675 

1.675 

0.000 

0.000 

0 .  ooc 

12 

RUA 

2 

1.900 

1 . 800 

6.000 

0.000 

0.000  - 

1  .ooc 

1Z 

RLA 

3 

1.775 

1 .775 

5.800 

0.000 

0.000 

o.ooc 

14 

LUA 

4 

1.900 

1 .800 

6.000 

0.000 

0,000  - 

1  .  ooc 

15 

LLA 

5 

1 . 775 

1 . 775 

5.800 

0 . 000 

0.000 

O.OOC’ 

16 

RHD 

6 

1.000 

1.870 

3,650 

0 . 000 

0.000 

0.000 

17 

LHD 

7 

1 .000 

1.870 

3.650 

0.000 

0 ,000 

0.000 

STANDING  MANIKIN 

1 

LT 

5 

4.725 

7.  185 

4.800 

0 . 000 

0.000 

0.000 

2 

MT 

4 

4.775 

6.500 

4.000 

1.000 

0.000  - 

1 , 000 

6 

RUL 

6 

2.950 

3.050 

7.285 

0.000 

0,000 

2. 300 

0 

LUL 

9 

2.950 

3.050 

7.285 

0.000 

0.000 

2,300 
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Ellipsoids  are  used  by  the  ATB  sodel  to  represent  the  surface  of  each 
segment  for  contact  calculations  and  for  the  graphics  program.  Using 
tbe  manikin's  exterior  measurements,  contact  ellipsoids  for  each  segment 
were  chosen  to  appraxiaate  tbe  segment's  surface.  Table  34  lists  each 
segment's  contact  ellipsoid  dimensions  and  tbe  vector  in  the  local 
reference  system  from  the  segaent  center  of  aass  to  tbe  contact 
ellipsoid  center. 

2.2. 1.2  Joint  Configurations 

Tbe  joint  centers  are  among  the  iandmarxs  described  in  Section  2.1.6. 

Tbe  location  of  each  joint  center  is  required  by  tbe  AH  sodel  in  each 
of  tbe  adjoining  segaent* s  local  reference  gysrews.  Table  35  contains 
tbase  locations  while  Table  36  contains  tbe  rotations  froa  the  segaent 
local  reference  system  to  tbe  segaent  joint  coordination  system. 

Each  joint  has  two  coordinate  systeas  associated  with  it.  One  fixed 
within  each  of  the  joint's  adjoining  segaenta.  Tbe  relative  oi testation 
of  tbe  two  joint  coordinate  systeas  is  used  to  determine  the  resistive 
torques  applied  at  the  joint  based  on  the  joint  type. 

Three  joint  types  were  used  to  aodel  tbe  Hybrid  1 11  joints:  pir.  joint 
(I  FIN  =  1)  for  rhe  knees;  Euler  joint,  with  the  spin  axis  locked  {IP IN  - 
-Z),  for  the  ankles,  elbows  »*nd  wrists;  and  three  degree- of-freedoa. 
characteristic  joint  { I PIN  =  0)  for  the  pelvis,  waist,  neck  pivot,  head 
pivot,  hips,  and  shoulders. 

The  pin  joint  constrains  the  y-axes  of  the  two  joint  coordinate  systeas 
to  be  aligned  and  measures  flexure  as  the  angle  between  the  z-axee  as 
shown  in  Figure  99.  The  range  of  action  and  resistive  properties  of  a 
pin  joint  are  syaasetric  about  0°.  Therefore,  the  joint  coordinate 
systems  selected  are  aligned  when  the  knees  are  in  the  center  of  their 
range  of  action. 
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The  Staler  joint*  with  the  spin  axis  locked*  constrain*  the  rotation 
between  the  JUT  joint  coordinate  spate*  to  the  J+l  joint,  coordinate 
spate*  to  be  a  combination  of  two  body  fixed  rotations;  first  is  a 
precession  rotation  through  angle  0  about  the  z-arix;  second  is  a 
nutation  rotation  through  angle  9  about  the  new  x-axis  as  shorn  in 
Figure  100.  Separate  ranges  of  aotion  and  resistive  properties  are 
defined  for  each  of  these  rotations.  As  with  the  pin  joint,  these 
characteristics  are  symmetric,  but  the  center  of  symmetry  cen  be  defined 
as  input.  The  centers  of  symmetry  used  for  the  ankles,  elbows,  and 
wrists  arc  included  in  Table  37. 

The  three  degree-of-f reedom  characteristic  joint  requires  the  joint 
coordinate  systems  to  he  aligned  in  an  equilibrium  position,  with  the 
x-axis  of  tbe  JKT  joint  coordinate  system  as  the  torsion  axis. 

2. 2.1. 3  Joint  Rotation  Resistive  Torques 

Tba  jcint  resistive  properties  ere  prescribed  in  a  nusber  of  different 
ways  depending  on  the  joint  type,  for  the  pin  joints  used  to  model  the 
knees,  four  parameters  (linear,  quadratic  and  cubic  spring  coefficients 
and  joint  stop)  are  required  to  define  tbe  relationship  between  torque 
and  flexure,  9.  The  angle  6  is  Measured  from  the  equilibrium  position 
in  which  tbe  two  joint  coordinate  systems  are  aligned.  Figure  101  shows 
how  these  parameters  are  used  to  define  the  torque.  The  curve  is 
symmetric  about  9=0,  therefore  flexion  and  extension  must  have  the 
same  stop  characteristics.  A  typical  curve  from  tbe  joint  testing  is 
shown  in  Figure  1C2.  Tha  center  of  the  range  of  motion  was  chosen  as 
the  equilibrium  position  end  the  free  range  of  motion  determined  the 
joint  atop  angle,  0g  aa  that  angle  at  which  the  resistive  torque 
increases  in  a  nonlinear  manner  with  increasing  angle  of  rotation.  The 
linear  spring  coefficient,  C,  was  set  to  zero  to  aodel  the  free  range  of 
aotion.  The  remaining  two  coefficients  prescribed  the  soft  stop. 

Initially,  this  resistive  range  of  the  soft  stop  was  digitized  and  a 
least  squares  method  was  used  to  solve  for  the  quadratic  and  cubic 
coefficients.  Although  this  method  fit  the  data  well,  some 
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Tabic  37 


6b  in  Degrees 

(Average  of  Standing  and  Seated  Manikins  -  Except  Hip) 


Ankle 

15.0 

Vrist 

20.4 

Knee 

25.5 

Elbow 

18.0 

Shoulder 

Hex  90  ABD 

29.4 

bt  90  ABD 

33.9 

Hex  0  ABD 

8.1 

bt  0  ABD 

7.5 

Flex  45  ABD 

4.5 

bt  45  ABD 

19.5 

Abduction 

27.9 

Adduction 

8.1 

HIP  -  158  SEATED  MANIKIN 

Flexion 

27.6 

bteneion 

23.4 

ABD  90  Flex 

35.4 

ADD  90  Flex 

10.5 

HIP  -  061  STANDING  MANIKIN 

Flexion 

138.0 

Extension 

36.0 

Abduction 

86.4 

Adduction 

37.5 

u 

£  t  «  Cje  +  c2(e-esr  ♦  c3(e-«s) 


r  »  c^e- 


Joint  Angle,  0 


T  -joint  torque 
0  -joint  angle 
0s-joint  stop 

C^-lineer  spring  coefficient 
Cj-quedretic  spring  coefficient 
Cj-cubic  spring  coefficient 


Figure  101.  Joint  Torque  Dependent  on  a  Single  Angle 


characteristics  ot  the  resulting  curve  were  not  acceptable.  These 
characteristics  were  negative  torques  and  decreased  in  the  torque  beyond 
the  aeasured  data  (i.e.  the  curve  did  not  portray  a  bard  physical  stop 
at  tbe  maxima  joint  angle).  Several  techniques  were  used  without 
success  in  an  attempt  to  avoid  these  probleas  and  still  fit  the  data. 
Therefore,  it  was  decided  to  only  match  the  significant  characteristics 
of  tbe  data.  Those  were: 

T(#s)  *»  0,  no  torque  at  joint  stop; 
d  T(0g)  *  0.  sero  slope  at  joint  stop; 
d0 

T(0)  r=  0,  no  negative  torques  for  0  •  0;  and 

T{0  ■  0a)«  X|  ,  hard  stop  at  aaxinua  angle  testea. 

With  C  =  0  tbe  first  two  conditions  were  net.  The  remaining  conditions 
were  act  using  the  least  squares  aethod  on  six  data  points;  (0g,  0); 

(0a.  Ta).  (0a.  20*Ta),  (0,.  40*Ta) ,  (0a.  60*Ta),  and  (0a,  80*Ta). 

Data  from  both  manikins,  left  and  right  knees  and  flexion  and  extension, 
were  all  averaged  to  obtain  the  test  value,  0a,  needed  for  this  method. 
Tbe  value  for  9a  for  the  knee  is  included  in  Table  37.  The  resulting 
paraaeters  for  the  knee  are  included  in  Table  39. 

The  saae  function  fora  is  used  to  prescribe  the  ankle,  wrist  and  elbow 
Euler  joints,  but  each  rotation  axis  has  a  separate  function.  These 
joints  were  not  tested  in  precession,  therefore  the  values  froa  the  Purt 
572  data  set  were  used  for  this  axis.  The  paraaeters  for  the  nutation 
axis  were  calculated  using  tbe  aaae  aethod  described  for  knee  flt-xire. 
The  0a  values  for  ankle,  wrist  and  elbow  nutation  are  included  in  Table 
37  and  tbe  resulting  precession  and  nutation  paraaeters  for  these  joints 
are  in  Table  3b. 

Tbe  pelvis,  waist,  neck  pivot,  head  pivot,  hip  and  shoulder  three 
degree- of- freedom  characteristic  joint  .esistive  properties  are 
prescribed  using  two  functions.  The  first  function  is  of  the  saae  fora 
as  described  above  for  the  knee  pin  joint  and  is  dependent  on 
torsion,  ^  ,  rotation  about  the  JNT  z-axis.  This  rotation  was  not 
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tested*  therefore  the  values  f roe  the  Pert  572  data  set  were  used  and 
Table  38  includes  the  four  paraeeters  for  the  pelvis,  waist,  neck  pivot, 
head  pivot,  hip  and  shoulder  torsion. 

The  second  function  for  these  joints  is  dependent  on  both  flexure.  8  and 
axieutb.  0.  as  defined  in  Figure  103.  This  function  actually  can 
consist  of  several  polynoaial  functions  of  8  for  constant  0s  or  of  a 
table  of  data.  The  polynoaial  option  allows  input  of  a  joint  stop 
angle.  8g  and  the  coefficients  for  a  polynoaial  of  the  fora 
T  *  Cj  (0-03}  ♦  C2  (8-8g)2  ♦  .  .  .  ♦  C„  (8-8g)n 
for  equally  spaced  values  of  0.  Because  the  shoulders  were  tested  at 
various  8s  and  since  the  results  were  siailar  to  those  in  Figure  101 
this  polynoaial  option  is  used  to  aodel  the  shoulders.  The  paraaeters 
were  deterained  by  averaging  data  froa  both  manikins  and  left  and  right 
sides  and  using  the  saae  method  described  earlier.  The  equilibrium 
position  defined  by  the  orientation  of  the  shoulder  joint  axes  is  the 
position  with  the  arm  extending  straight  out  in  front  of  the  upper 
torso.  Table  39  presents  the  paraaeters  for  the  right  shoulder. 

For  equally  spaced  azimuth  angles.  0.  the  tabular  option  requires  a 
flexure  joint  stop  angle  and  torque  values  at  equally  spaced  flexure 
angles.  8.  The  ATB  aodel  applies  no  torque  until  the  joint  stops  are 
reached  «nd  linearly  interpolates  between  data  points  to:  the  torques. 
This  option  was  used  tor  the  neck,  torso  and  hip  joints  since  they  were 
tested  in  different  orientations  and  their  large  ranges  of  motion  would 
be  adequately  described  using  ten  degree  increaents. 

The  neck  and  lumbar  spine3  were  modeled  by  using  the  measured  stiffness 
coefficients  up  until  120°  flexure  for  the  neck  and  90°  flexure  for  the 
spines  and  then  doubling  the  stiffness  for  each  subsequent  ten  degree 
increaent.  This  provides  a  stop  for  these  joints.  For  the  head  pivot 
the  stiff nes.o  due  to  the  nodding  blocks  were  combined  with  the  neck 
flexion  and  extension  stiffness  for  the  20o  of  their  moveaent.  The  neck 
end  the  two  lumber  spine  joint  resistances  are  in  Tables  40,  41,  42,  end 
43.  The  values  in  these  tables  are  double  those  from  the  test  because 
the  neck  and  lumbar  spines  were  ei  h  tetted  as  one  unit  while  they  are 
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figure  103.  Hiree  Degree-of-Freadoa  Characteristic 
Joint's  Flexure  and  Aziauth  Angles 


TABLE  39  RIGHT  SHOULDER  JOINT  TORQUE  FUNCTION 


■WM<. 


HEAT  FIVOT  TORQUE  FUNCTION 


o 

o  o 

o  o 

o 

o  o  o  o 

o 

0 

0 

0 

O 

o 

•  • 

.  • 

o 

•  *  •  * 

o 

•  •  • 

• 

o 

o  o 

o  o 

o 

o  o  o  o 

o 

o  o  o 

O 

• 

®  o 

o  o 

• 

®  o  o  o 

. 

®  o  o 

o 

o 

o  o 

«f  o 

o 

in  o  a  o 

o 

H  ©  H 

to 

in 

to  to 

IO 

o 

to  m  cm  to 

m 

H  K>  H 

in 

*~4  *“4  H  »«4 


X 

ft. 


o 

o  o 

o 

o 

o 

o  o  o  o 

o 

0 

0 

0 

o 

o 

•  • 

* 

• 

o 

.  .  .  . 

o 

.  .  . 

• 

o 

o  o 

o 

o 

o 

O  O  o  o 

o 

o  o  © 

o 

• 

®  o 

o 

o 

. 

®  o  o  o 

®  o  o 

© 

o 

10 

#•* 

♦ 

o 

®  10  <+ 

© 

-<  ®  to 

® 

IN  CM 

CM 

o> 

if)  if)  n  m 

mom 

o 

M  H  H  M 


a 

x 

« 

«< 

h 

w 

X 

H 

u. 

O 


o  o  o  o  o 

o  .  .  .  . 

o  o  o  o  o 

•  ®  o  o  o 

O  to  co  ©  © 

IO  *"■«  *■< 


o  o  ©  a  o 

o  .... 

o  o  o  o  o 

ffl  o  o  o 
o  —  co  ro  © 

©  in  «r  w  «r 


o 

0 

0 

0 

o 

o 

*  .  . 

A 

o 

o  o  o 

o 

• 

©  o  o 

o 

o 

to  »*•  *1 

<*• 

IO 

©  ©  « 

© 

o  o  o  o  o 

o  .  .  .  . 

o  o  o  o  o 

©  o  ©  o 

O  ©  «0  (D 
®  ©  n  -i  rt 

-*  o>  <n  «j*  ao 


i 


w 

hi 


o 

o 

o 

o 

o 

a 

o 

o 

o  o 

o 

0 

0 

O 

o 

O 

O 

o 

o 

O 

•J 

o 

*. 

V 

o 

• 

•  « 

o 

. 

« 

• 

O 

♦ 

'• 

. 

< 

o 

o 

o 

o 

o 

o 

o 

o 

©  o 

o 

o  o 

o 

o 

O 

o 

o 

o 

o 

> 

© 

o 

o 

o 

© 

o 

©  o 

©  o 

o 

o 

• 

CO 

o 

o 

o 

o 

© 

CM 

m 

Oi 

o 

*»• 

<N 

O  CM 

o 

©  CM 

in 

IN 

o 

to 

•* 

—4 

«*• 

CM 

»■-« 

t  ■ 

im  >r 

c« 

H 

to 

H 

cm 

in 

«r 

CM 

♦ 

© 


o 

-t 

lit 

.1 

PI 

*1 

H 


X 

o 

b. 

X 

« 

X 

< 

H 

w 

1-. 


X 

o 


< 

o 

o 

o 

o 

o 

) 

H 

o 

... 

•. 

o 

hi 

o 

o 

o 

© 

o 

•  't 

X 

•. 

© 

o 

m 

o 

H 

o 

M* 

<o 

rt 

to 

t ) 

#—o 

<U 

O 

o 

o  c 

o 

©  o 

•: 

••  .. 

o 

• 

o 

CD 

O 

O 

o  o 
o  o 

© 

o  © 
©  o 

r- 

o 

P-  (O 

© 

CM  <£> 

fO 

IO 

to 

H  ID 

O 

o 

o 

o 

o 

o 

O 

• 

o 

• 

• 

o 

o 

o 

o 

o 

o 

o 

o 

© 

© 

o 

o 

o 

Cf 

<o 

o 

© 

CM 

m 

CM 

to 

© 

c 

© 

in 

cn 

in 

in 

cn 

r— # 

IN 

<  X  o  o  o  o 
HO  o  o  o  o 
Wf"  o  o  o  o 
X  w  .  .  .  . 
H  o  o  o  o 


H 

o 

X 

D 

X 


X 

X 


o 

o 

o 

o 

o 

o 

o  o 

o 

o 

o 

o 

© 

o 

o  o 

o 

o 

o 

o 

© 

o 

©  o 

© 

o 

1 

© 

ai 

© 

I  I 


X 

X 

o 

o 

at 

J  ►-!  J 

Z  .-l  » «  -I 

o 

<  M  < 

©  X  W  < 

►  4 

X  X  X 

►  i  «;  x  x 

in  ui  x 

X  111  S<!  Ill 

u< 

I'H' 

Ui  I  •  1  •  1  < 

» i 

•c  X  c 

-i  <  :<  *t 

u. 

.  I  X  .J 

l-  .1  UI  ,J 

o  © 

o 

© 

o 

© 

o 

© 

o  © 

o 

o 

o 

o 

o 

o 

o  o 

o 

© 

o 

o 

o 

o 

©  © 

© 

© 

© 

© 

r-.  1 

1 

1 

1 

X 

X 

Cl 

o 

X  ~1 

H 

J 

z 

J 

4-4 

.J 

o  o; 

01 

«< 

o 

< 

V) 

< 

M  X 

X 

X 

ft 

X 

z 

X 

X  111 

X 

X 

X 

X 

X 

X 

111  1  < 

H 

1  • 

X 

H 

H 

H 

~1  «* 

X 

•c 

< 

X 

< 

X  .  1 

X 

.  1 

X 

J 

X 

170 


w 


o 

o  o  o  o 

o 

o  o  o  o 

© 

o  o  o  o 

o 

*  »  •  * 

o 

• 

o 

o 

o  o  o  o 

o 

o  o  o  o 

o 

o  o  o  o 

• 

o  o  o  o 

• 

o  o  o  o 

• 

O  O  O  o 

o 

©  o  in  o 

o 

c  o  o  o 

o 

04  10  GO  (0 

m 

to  to  to 

o 

H 

t*  <0  to  10 

ID 

r4 

CD  O  Mf) 

r.  r  « 

X 

ft. 


o 

o  o  o  o 

o 

o  o  o  o 

o 

o  o  o  o 

o 

•  '  «  < 

o 

•  •  •  • 

o 

o 

o  o  o  o 

o 

o  o  o  o 

o 

o  o  o  o 

■ 

o  o  o  o 

• 

o  o  o  o 

. 

o  o  o  o 

o 

eo  «#  oi  <r 

o 

10  f* 

o 

to  to  <r  co 

♦ 

04  04  --«  04 

a 

to  to  04  10 

OI  O  ID  O 

r~4  t~4  «~4 


X 

o 

t-t 

f- 

o 

X 

D 

a. 

tel 

D 

<* 

PC 

o 

t« 

H 

O 

> 


a 

x 

< 

< 

t-> 

w 

* 

i-. 

u. 

o 

w 

w 

D 

< 

> 


X 

o» 


o 

o  o  o  o 

o 

o  o  o  o 

o 

.  .  . 

o 

o 

o  o  o  o 

o 

o  o  o  o 

• 

o  o  o  o 

o  o  o  o 

o 

^  00  0»  00 

o 

<o  co  «r  oo 

to 

04  •-*  —* 

CO 

ID  •*  CM  * 

o 

o 

o  o 

o 

o 

c»  o  o 

o 

o 

•  •: 

. 

o 

o 

o 

o  o  o 

o 

o  o  o 

o 

• 

o 

o  o 

© 

• 

o  o  o  o 

o 

C  4  © 

cv 

o 

Oi  04  -I 

04 

M 

t~4 

r- 

«r  «*  cm 

♦ 

o 

© 

o 

o 

o 

o 

o  o  o  o 

o 

o 

•  •  • 

o 

o 

o  o 

o 

o 

O  O  O  O 

o 

o 

o 

o 

. 

o  o  o  o 

o 

ao 

*r 

04 

o 

to  00  X*5  CO 

to 

o> 

00 

«*•  00 

00 

to  04  —•  04 

Ol  00  «4*  00 

o 

o 

0 

0 

0 

o 

o 

o 

o 

o 

o 

.. 

o 

. 

. 

o 

o 

o  o  o 

o 

o 

o 

o 

o 

o 

o  o  o 

• 

© 

o 

c 

o 

<r 

C4  ©  04 

o 

00 

♦ 

04 

«r 

r>* 

CD 

MOO 

O' 

04 

•* 

4— • 

ID 

♦ 

04 

>r 

ft. 

PC 

<  o 

o 

0 

0 

0 

X 

o 

H  O 

. 

■ 

o 

lx. 

W  O 

o 

o  o  o 

w 

X  • 

o 

o  o  o 

X 

PC 

t-  o 

0- 

©  to  © 

< 

J 

H 

XT 

D 

03 

w 

< 

.J 

H 

Oft 

« 

Cfi 

<  ft. 

o 

©  o  o 

H  O 

o 

©  o  o 

W  1- 

o 

©  o  o 

X 

X  w 

o 

H 

o 

0 

0 

0 

o 

o  o  o  o 

o 

© 

o 

© 

0 

o 

o 

o  o  o 

o 

• 

o 

o 

o  o  o  o 

o 

o 

o 

o 

o 

o 

o 

o  o  o 

o  o  o  o 

o 

o 

o 

o 

o 

o  o  o 

o 

04  ©  ®  © 

o 

r  • 

© 

to 

© 

o 

'f 

04  ©  04 

© 

to  to 

•  4 

f 

V 

to 

© 

4> 

o> 

©  04  © 

*  4 

04 

.4  — ■  04 

4 


H 

U 

X 

D 

U. 


X 

ft. 


o  o  o  © 

o  o  o  o 

'w> 

o  o 

o 

©  ©  o  o 

o  o  o  o 

o  o 

o 

o  o  o  o 

©  O  O  O 

o 

o  o 

o 

co  at  ai 

®  0*  Ol 

o> 

Ol 

•~4  1 

1 

1 

*•4 

i 

X 

2 

if 

o 

o 

o 

2  . J  —< 

2  J  -|  J 

2 

_4  ^ 

J 

OClM 

O  <  I/I  < 

o 

<  V) 

X 

*-•  PC  2  « 

-  X  X  « 

►"4 

X  2 

X 

X  UJ  U)  Ul 

XUUIU 

X 

U)  w 

UJ 

W  H  H  h 

UJ  H  H  H 

IxJ 

H  {4 

t . 

~J  «  X  « 

J  <  X  < 

.) 

<c  >: 

•C 

li  J  W  J 

u.  ..3  U4  .3 

u* 

. Ui 

1 

O  O  O  o 

o  o  o  o 

o  o  o  o 

CD  0»  Ol 


2 

O 

2  .  )  --  _J 

«*  o>  < 
• •  ix  2  as 
xuuu 
W  H  h  h 
.1  <,  X  < 
U,  JUI  J 


!  7  I 


o 

oooo 

o 

oooo 

o 

oooo 

o 

»  t  .  , 

o 

e  •  •  • 

o 

o 

oooo 

o 

oooo 

o 

oooo 

• 

oooo 

• 

c  o  ©  o 

9 

oooo 

o 

o  o  ®  o 

o 

CX  C*  10  CX 

o 

oooo 

tr> 

00*0 

o 

trt  fj  o  n 

^4  M  H  H 

© 

W 

C*  CX  »  CX 
000(0 
H  «-4  H  H 

X 

o 

4-1 

H 

O 

as 

t3 

bu 

U) 

D 

Or 

OS 

o 

H 

Ul 

X 

n 

ft. 

© 

Mi 

< 

r> 


o 

oooo 

O 

oooo 

o 

oooo 

o 

•  •  •  * 

o 

•  *  .  4 

o 

o 

oooo 

O 

oooo 

o 

oooo 

• 

o  o  «r  o 

' 

o  o  «r  o 

• 

oooo 

o 

(D  CD  CD  CO 

o 

OOCODCO 

o 

n  w  m 

4-1 

«r 

IO  ♦ 

0> 

o  o  ®  o 

o  o  ®  to 

X 

0. 

—-4  —4  4-4 

®  ®  ©  u) 

o 

SB 

< 

< 

o 

o 

oooo 

o 

o 

oooo 

o 

o 

oooo 

o 

o 

oooo 

h 

o 

oooo 

o 

oooo 

o 

oooo 

o 

oooo 

u 

* 

O  o  ©  O 

• 

o  o  ®  o 

.. 

OOf  o 

oooo 

X 

o 

(DO®  © 

o 

(OOOO 

o 

®  ®  *4  © 

o 

MMhN 

H 

«0 

n  Ki  n  n 

® 

0>  Ok  S'  Ok 

to 

©  ©  t-  o 

© 

c*  1"  or  r- 

*~4 

'*•*•©*• 

4-4 

n  to  ©  to 

h. 

(-V 

N  «  0>  M 

rJ 

4—4  4-4  —4 

OT 

w 

D 

o 

oooo 

o 

oooo 

o 

oooo 

o 

oooo 

•-4 

o 

■  .  * 

o 

.  -4  * 

o 

4  .  .  ,, 

o 

< 

o 

oooo 

o 

oooo 

o 

oooo 

o 

oooo 

> 

' 

O  O  N  o 

•' 

o  o  ex  o 

■. 

o  o  ®  o 

o  o  x"  o 

o 

«r  o  «r 

o 

«*  •*  t~  4*4 

o 

©  ©  o  © 

o 

®  ®  ex  ® 

ex 

riM-.fi 

e~ 

ai  ®  o  ® 

CX 

h-  c*-  ex  r~ 

r* 

ex  ex  ©  ex 

.  4. 

It  N  N  M 

—4 

ex  ex  Ok  ex 

X 

©  ©  <r  <o 

o> 

-1 

<  o 

O 

0 

0 

0 

o 

o 

o 

a 

X 

t-  o 

•- 

o 

. 

O 

bl  O 

o 

o  o  o 

o 

o  o 

s 

u. 

X  ■ 

o 

o  ©  o 

o 

o 

►-« 

X 

*-  o 

CM 

ex  o  ex 

o 

ex 

ex 

a 

*-# 

*-«  *-• 

© 

as 

< 

<• 

J 

H 

D 

W 

n 

< 

CS 

4 

i- 

<  ft. 

o 

o  o  o 

w 

H  O 

o 

o  o  o 

Ul 

Ul  H 

o 

o  o  o 

►J 

X  © 

.  . 

© 

X 

H 

o 

0 

0 

0 

>« 

o 

H 

t- 

o 

X 

oo  o  oooo  o  oooo 

•  •  o  •  .  o  ..  .  • 

OO  O  OOOO  O  OOOO 

C  O  OOOO  OOOO 

f'W  O  O  O  >«•  O  O  0  0*0 

top-  ~  oo  ®  ■*  cd  o  ©  in  cx  in 

"*  ,4  -4  —4  —  —•  H  H|()  -< 

w  10  ex  to 


D 

oooo 

o  o  o 

u. 

4-4 

oooo 

o  o  o 

X 

.  4  .  . 

ft. 

o  o  o  c 

o  o  o 

©  o>  o» 

©  a 

I  r-S  | 


o 

o 

o  o  o 

o  o  o 

o 

o 

o 

o  o  o 

o  o  o 

o 

o 

o 

o  o  o 

o  o  o 

o 

0> 

© 

Ok  Oi 

©  or 

Ok 

»  *■«*  | 


I 


I 


F 

k 


as  sb 

o  o 

a  Jh  j  a  jh  j 

o  <  w  <  O  <  W  < 

-•  «  X  *  -  «  SB  a: 

X  hi  Ul  til  x  ui  ui  ui 

Ul  H  H  t-  WHf*H 

J  «  X  <  J  <  X  < 

U.  .  1  Ul  _1  ft.  .J  Ul  J 


172 


as  2 

o  o 

SB  •  3  4—,  4-J  2  fj  J 

o  •<  w  <  o  <  w  « 

*-*«20S  i-i  OS  2  « 

X  Ul  Ul  Ul  X  U  W  til 

U1  H  H  Ulf-t-H 

•  ^  <  X  «  -J  <  X  < 

U.  .-1  Ul  -1  U.  J  111  kl 
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modeled  as  two  three  degree- of -freedom  charecteristic  joints  on  either 
end  of  a  rigid  element.  By  doubling  the  stiffnesses  obtained  free  the 
static  test,  similar  results  can  be  obtained  for  the  joint  torque  with 
the  model. 

A  similar  method  was  used  for  the  hip  joints.  The  test  curves  were 
digitised  at  ten  degree  increments  of  flexure.  0.  and  these  values  used 
in  the  table.  Tbs  slope  between  the  last  two  measured  points  was 
doubled  for  each  subsequent  ten  degree  increment  providing  a  stop.  The 
left  and  right  sides  were  averaged  to  obtain  the  data  in  Tables  44  and 
45.  The  equilibrium  position  defined  for  the  seated  dummy's  hip  is  the 
orientation  with  the  upper  leg  extending  straight  out  in  front  of  the 
lower  torso  and  for  the  standing  dummy's  hip  with  the  upper  leg 
extending  down  from  the  lower  torso.  These  orientations  are  defined  by 
the  hip  joint  axes* 

2. 2- 1.4  Skin  Compliance-  Characteristics 

The  AT®  model's  farce  deflection  characteristics  ere  very  flexible, 
allowing  the  function  to  be  constant.  tabular,  polynomial  or  any 
combination  of  two  of  t^ese  forms.  For  the  range  in  which  the 
deflection  was  tested,  it  was  decided  to  ure  the  polynomial  input,  since 
a  method  was  available  in  which  several  teat  curves  for  each  segment 
test  could  be  averaged  to  obtain  s  single  polynomial*  Beyond  the  tested 
deflection,  tabular  data  were  added  to  provide  the  model  with  a  hard 
stop.  For  each  surface  tested,  the  tabular  data  points  of  force  vs. 
deflection  were  initially  plotted.  There  were  often  a  to  5  of  these 
plots  for  each  surface.  They  were  compared  for  general  shape  and  ranges 
of  force  and  deflection.  If  there  was  one  set  that  did  not  fit  the 
trend,  it  was  not  used  to  find  the  averaged  curve.  The  data  points  on 
the  loading  portion  of  the  curve  were  fitted  to  a  univariate  curvilinear 
regression  aodel  using  orthogonal  polynomial*.  The  curves  pertaining  to 
the  same  surface  were  averaged  to  obtain  a  single  polynomial  for  the 
surface  with  a  characteristic  as  shown  u>  Fivurt-  504. 
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TABLE  44  STANDING  RIGHT  KIP  TORQUE  FUNCTION 
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Tabular  data  were  used  to  aodel  tba  second  part  of  the  functions  beyond 
the  test  deflections.  The  force  at  the  last  deflection  input  is  used  by 
the  aodel  for  all  larger  deflections.  The  tabular  forces  beyond  the 
tested  deflections  acre  chosen  so  as  to  avoid  probleas  due  to  this  by 
providing  a  sore  definite  hard  stop. 

Table  46  contains  the  input  paraaeters  for  tbe  thirteen  displaceaent 
functions.  These  psrsaeters  are  defined  in  Figure  105  which  is  an 
exaapla  ATB  force-deflection  curve. 

It  should  be  noted  that  these  curves  are  based  or.  the  data  froa  the 
tests  done  with  1.0  and  2.5  in  disaster  saucer  soaped  probes  iapacting 
tbe  surface.  If  tbe  user  wishes  to  use  these  functions  to  describe  the 
contact  of  one  of  tbe  duany  surfaces  with  a  surface  significantly 
different  froa  tbe  saucer  shaped  probes  that  surface's  force-deflection 
characteristics  should  be  coabined  with  this  data  to  provide  a  autusl 
force-deflection  function. 


m 
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2.2.2  D«oMtmi«B  Simulation* 


Dsmemet ration  simulations  using  tha  CTS/A3B  aodsl  wn  fttfww d  to 
iamt  that  tte  input  data  had  ham  property  formatted,  tha  aodal 
program  would  cm  with  those  data  and  tha  data  resulted  ia  physically 
realistic  simulatioas.  Such  dmoaatratiom  would  at  laaat  guarantee  to 
■uhasqaaat  uaara  of  tha  data  basa  that  tha  simulation  aheald  execute  and 
that  physically  raaaonahie  reealta  ahoald  occur.  Thaoe  simulations  aero 
not  mode  for  tha  purposes  of  tha  Hybrid  HI  data  base  validation. 

A  simulation  vaa  chaaao  that  bad  previooaty  bean  performed  with  the 
standard  fart  5>2  data  baae.  This  simulation  was  baaed  on  a  Celebrity 
frontal  impact  craah  teat  ia  which  a  purely  -x  ax ia  acceleration  waa 
applied  rith  a  226  peak  amplitude,  120  aillieecond  duration,  and  a  pulse 
shape  that  resulted  in  a  31.3  mph  velocity  change.  Ho  harness  restraint 
waa  applied  to  tha  body.  The  interactive  surfaces  used  in  the 
s isolation  wore  for  the  seat  hack,  snot  pan,  floorboard,  footboard, 
stoering  whsel,  windshield,  dash  and  roof. 

Three  simulations  were  performed  using  tha  fart  572.  Hybrid  III  saatad 
and  Hybrid  III  standing  data  sets.  The  vehicle  geometry  and  motion  time 
history  were  identical  for  all  three  siaulotions.  The  initial  positions 
for  the  Hybrid  111  data  ants  ware  adjusted  to  be  ae  close  as  possible  to 
tha  fart  572  position  while  maintaining  initial  body  equilibrium  with 
the  external  interactive  forces. 

Both  time  histories  of  the  responses  and  graphical  kinematics  were 
obtained  ia  the  simulations  and  compared,  from  an  examination  of  the 
time  histories  no  numarical  instabilities  or  calculation  problems  could 
ho  idoatif ied  and  all  predicted  response  values  were  within  physically 
reasonable  ranges.  A  comparison  with  the  fart  572  time  histories  showed 
that  Hybrid  III  responses  were  in  general  quite  similar  with  primary 
differences  being  phase  shifts,  slightly  smoother  response  curves  for 
the  Hybrid  III  and  also  somewhat  fastar  responses  for  the  Hybrid  III. 
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These  affects  ware  interpreted  to  N  respectively  doe  to  slightly 
different  initial  positions,  a  atmerically  sore  stable  data  sat  for  the 
Hybrid  III  sad  a  generally  stiffer  structure  for  tbs  Hybrid  Ill. 

Graphical  coape risen#  of  the  throe  siatilatioos  are  abova  in  figures  106 
threagh  109.  A  ceapa risen  of  the  Hybrid  ZII  seated  duaay  to  the  Part 
572  dunsy  is  abova  in  flgere  105.  The  respoosea  through  the  first  90 
aiilisecoods  are  vary  similar.  A  seemingly  such  softer  extension  neck 
response  is  the  Part  572  appears  at  about  120  aiilisecoods  when  the  bead 
impacts  the  windshield.  The  Hybrid  III  nack  does  not  undergo  nearly  as 
Ians  a  sack  extension  sad  rebounds  from  the  steering  wheel,  windshield 
sad  dash  impact  much  so oast  then  the  Part  572. 

The  responses  fear  the  seated  and  standing  Hybrid  III  srs  coopered  in 
figure  107.  There  is  very  little  difference  in  these  two  responses. 

Tbs  only  readily  observable  difference  is  that  tbs  ssstsd  duney 
penetrate#  deeper  into  tbs  sent  pen  then  tbs  standing  dusay  and  this 
penetration  increases  during  the  course  of  the  simulation.  A  comparison 
of  the  Part  572  and  Hybrid  111  standing  dusmy  is  shown  in  Pigure  108. 
Sinoe  the  staging  and  seated  dummy  responses  were  so  similar,  the 
compart'  comments  for  tbs  Part  572  end  ssstsd  dumsy  apply  here  as 
well.  Tbs  only  difference  is  that  tbs  asst  penetration  for  the  Pert  572 
and  standing  dtamy  is  shout  tbs  seas  os  opposed  to  the  seated  dummy 
which  exhibited  much  greeter  psnet ration. 
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Figure  106.  Comparison  of  Part  '>72  and  Seated  Hybrid  III  Simulation* 


Figure  107.  Comparison  of  Seated  and  Standing  Hybrid  III  Simulations 


2.2.3  Discussion  of  Results 


The  general  objectives  and  approaches  used  to  develop  the  Hybrid  111 
data  base  in  this  program  were  similar  to  those  in  the  Fleck,  et  al  [1] 
study  for  the  Part  572  simulation  data  base.  One  additional  aspect  that 
was  addressed  in  this  study,  and  which  influenced  the  data  measurement 
and  aodel  data  base  foraatting  aethodology.  was  the  developaent  of 
transforaations  for  relating  the  duaay  data  to  huaan  data.  This  was 
achieved  by  defining  equivalent  huaan  anatoaical  landaarks  on  the  Hybrid 
III  duaay  and  deriving  transf notations  between  segaent  anatoaical 
coordinate  systees.  defined  by  these  landaarks,  and  the  aechanical 
coordinate  systees  defined  with  respect  to  duaay  structural  features, 
e.g.  joint  centers,  joint  pin  axes,  etc.  A a  duaaies  attain  greater 
huaan-like  fidelity,  the  comparison  of  huaan  and  duaay  responses  during 
dynaaic  force  exposures  becoaes  sore  meaningful  and  the  availability  of 
such  transformations  would  aake  such  cociparisons  possible. 

The  duaaies  for  this  study  were  selected  to  provide  a  data  base  for 
autoaotive  and  aerospace  researchers.  For  this  reason,  one  of  the 
duaaies  was  a  standard  seated  duaay,  with  a  pelvis  molded  in  a  seated 
position,  designed  for  car  crash  testing,  and  the  other  was  a  pedestrian 
or  standing  duaay  which  is  aore  appropriate  for  use  in  aerospace  aystens 
testing.  Aside  froa  the  spine,  pelvic  section  and  upper  legs,  both 
duaaies  should  have  been  identical.  This  was  not  found  to  be  the  case 
as  was  clearly  evident  froa  the  aeasureaent6  Bade  on  these  duaaies. 

While  the  final  data  for  the  parts  that  were  identical  were  averaged  for 
the  two  duaaies  and  f  or  left  and  right  sides,  the  variability  in  these 
properties  indicates  that  all  Hybrid  III  duaaiec  are  not  alike.  It 
would  be  well  if  some  future  studies  could  be  conducted  to  investigate 
this  variability  over  a  larger  duaay  population  with  different 
production  dates  and  use  frequencies. 

The  formatted  simulation  data  was  run  on  the  CVS/ATB  aodel  and  gave 
physically  reasonable  results.  In  a  comparison  to  equivalent  Part  572 
responses  under  the  same  conditions,  the  Hybrid  III  simulation  had 
slightly  higher  peak  accelerations  and  quicker  rebound,  but  smoother 

1 H  7 


tiae  histories.  These  characteristics  see*  to  imply  that  the  Hybrid  III 
is  overall  slightly  stiffer  ana  that  its  data  set  leads  to  a  more 
numerically  stable  solution. 

While  this  is  the  first  comprehensive  simulation  data  set  for  the  Hybrid 
III  and  should  be  quite  useful  for  simulating  Hybrid  III  impacts, 
several  issues  should  be  resolved  before  such  a  data  base  can  be 
accepted  as  a  standard.  The  first  amoung  these  is  whether  the  dummies 
tested  were  reasonably  representative  of  the  Hybrid  Ills  in  general  use. 
The  question  of  property  variability,  especially  for  joint  ranges  of 
motion  and  bending  resistances  of  necks  and  spines,  should  be  resolved. 
Also  the  current  study  almost  total  ignored,  except  for  the  neck  and 
spine  elements,  rate  dependent  or  damping  effects.  These  obviously  have 
some  effect  on  manikin  response,  should  be  further  explored  and  should 
be  added  to  the  Hybrid  III  data  base. 

Finally,  the  most  important  consideration  in  the  Hybrid  III  data  base 
acceptance  is  whether  it  represents  the  real  world.  To  demonstrate  that 
it  does,  carefully  conducted  validation  simulations  against  well 
controlled  experiments  should  be  performed. 
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